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ABSTRACT 
The Rossland V o l c a n i c Group i s a d o m i n a n t l y c l a s t i c 
s u c c e s s i o n t h a t accumulated i n a back-arc sedimentary b a s i n i n 
Louer J u r a s s i c t i m e . The l a v a - t y p e s p r e s e r v e d are p r e d o m i n a n t l y 
a u g i t e - and p l a g i o c l a s e - g h y r i c b a s a l t s and Iow-Si02 a n d e s i t e s , but 
w i t h some l o c a l i s e d and conspicuous a n k a r a m i t i c v a r i e t i e s , 
Amphibole i s a l e s s common b u t s i g n i f i c a n t p h e n o c r y s t i n b a s a l t i c 
and a n d e s i t i c c o m p o s i t i o n s . 
Whole-rock and p r i m a r y m i n e r a l ( a u g i t e and amphibole) chemical 
d a t a i n d i c a t e t h a t the Rossland v o l c a n i c s are o f i s l a n d - a r c 
a f f i n i t y . However, r a t h e r than being a normal c a l c - a l k a l i n e 
a s s o c i a t i o n , they compare more f a v o u r a b l y , i n some r e s p e c t s , w i t h 
t h e r e c e n t , a n k a r a m i t i c a s s o c i a t i o n s of t h e New Hebrides and New 
Georgia i s l a n d - a r c s . The presence o f p r i m a r y amphibole i n t h e 
b a s a l t s , and t h e r a r e o c c u r r e n c e of p r i m a r y b i o t i t e i n one low-
Si02 a n d e s i t e , a l s o i n d i c a t e a m i l d l y a l k a l i n e , or high-K20 a f f i n i t y . 
Comparison w i t h t h e sparse data on contemporaneous (Upper 
T r i a s s i c / L o w e r D u r a s s i c ) v o l c a n i c s of t h e Canadian C o r d i l l e r a , 
i n d i c a t e s t h a t magmatism s i m i l a r t o t h a t i n the Rossland area was 
a l s o o p e r a t i v e a l o n g t h e Upper T r i a s s i c , N i c o l a - T a k l a a x i s . I n 
the Lower D u r a s s i c , t h e b u l k of the v o l c a n i c s i n n o r t h — c e n t r a l 
B r i t i s h Columbia were somewhat d i f f e r e n t , b e i n g more e v o l v e d i n 
n a t u r e and r e p r e s e n t i n g the change of the c o n t i n e n t a l margin t o 
t h a t o f an Andean t y p e . 
The c h e m i s t r y o f t h e Rossland r e p r e s e n t a t i v e s i n d i c a t e s an 
uppe r - m a n t l e o r i g i n f o r the magmas, though o n l y r a r e l y were 
u n m o d i f i e d p a r t i a l m e l t s e x t r u d e d . Rather, as would be expected 
f r o m t h e s t r o n g l y p o r p h y r i t i c n a t u r e of the u o l c a n i c s , most 
magmas s u f f e r e d a degree o f p o l y b a r i c o l i v i n e f r a c t i o n a t i o n 
( d u r i n g a s c e n t f r o m around 30Kb) and c r u s t a l l e v e l (2-7 kb) 
f r a c t i o n a t i o n o f o l i v i n e + C r - s p i n e l + c l i n o p y r o x e n e + 
amphibole + T i - m a g n e t i t e + p l a g i o c l a s e . 
netamorphism of t h e v o l c a n i c s o c c u r r e d i n Middle J u r a s s i c 
t i m e , d u r i n g the e a r l y phases of the Columbian orogeny. 
C o n s i d e r a t i o n of t h e s e c o n d a r y - m i n e r a l assemblages and c h e m i s t r y , 
i n d i c a t e s t h a t a p r o g r e s s i v e r e g i o n a l metamoprhism a f f e c t e d the 
v o l c a n i c s , v a r y i n g f r o m the p r e h n i t e - p u m p e l l y i t e f a c i e s , t h r o u g h 
t h e g r e e n s c h i s t , t o t h e e p i d o t e - a m p h i b o l i t e f a c i e s . T h is 
g r a d a t i o n i s from s o u t h t o n o r t h and pr o b a b l y c u l m i n a t e s , n o r t h 
o f t h e a r e a , i n the U a l h a l l a g n e i s s dome of t h e Shusuiap complex. 
18 16 
Oxygen i s o t o p e ( 0/ 0) da t a f u r t h e r show t h a t d u r i n g 
metamorphism the v o l c a n i c s exchanged oxygen c o n s i d e r a b l y w i t h 
18 18 o a p e r v a s i v e h y d r o t h e r m a l f l u i d , e n r i c h i n g them in,0 ( 8 0 = 8-11 /oo) 
18 0 
r e l a t i v e t o t h e i r o r i g i n a l magmatic valu e s ( S 0 - 6 / o o ) . The 
o r i g i n o f t h e h y d r o t h e r m a l f l u i d i s e n i g m a t i c , b u t i s most prob a b l y 
18 
e i t h e r e x t r e m e l y 0 - e n r i c h e d m e t e o r i c water or i s water r e l e a s e d 
d u r i n g prograde metamoprhism o f deeper l e v e l sediments and which 
p e r c o l a t e s upwards. 
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1:1 Scope of r e s e a r c h 
The Lower J u r a s s i c Rossland v o l c a n i c s o f s o u t h e r n B r i t i s h 
Columbia a r e a p e t r o l o g i c a l l y l i t t l e s t u d i e d group of r o c k s , 
e s p e c i a l l y w i t h r e g a r d t o modern t e c h n i q u e s o f chemi c a l a n a l y s i s . 
I n a d d i t i o n , schemes o f t e c t o n o g e n e s i s ( e . g . Monger e t a l . , 1972) 
are g e n e r a l l y based on sparse d a t a where the o l d e r v o l c a n i c s o f 
t h e Canadian C o r d i l l e r a , such as the Rossland group, are concerned. 
Thus, t h e main purpose o f t h i s r e s e a r c h i s t o i n v e s t i g a t e 
p e t r o l o g i c a l l y , t he n a t u r e of the Rossland v o l c a n i c s w i t h i n t he 
framework of modern i d e a s r e l a t i n g t o p e t r o g e n e s i s and v o l c a n o -
t e c t o n i c a s s o c i a t i o n s . 
The f i r s t p a r t of t h i s t h e s i s , t h e n , d e a l s w i t h t h i s a s p e c t , 
whereas t h e second i s concerned w i t h t h e metamorphism of the v o l c a n i c 
r o c k s . A g a i n , t h i s aspect of t h e v o l c a n i c p e t r o l o g y has r e c e i v e d 
o n l y p a s s i n g a t t e n t i o n and r e s e a r c h here i s aimed a t e l u c i d a t i n g 
t h e n a t u r e o f the metamorphic a l t e r a t i o n , u s i n g , p r i n c i p a l l y , 
m i n e r a l s h e m i s t r y and oxygen i s o t o p e g e o c h e m i s t r y . 
1:2 F i e l d - a r e a ; L o c a t i o n , physiography and access 
The Rossland v o l c a n i c s f o r m an a r c u a t e b e l t , about f i f t y 
m i l e s i n l e n g t h and t e n m i l e s i n width,between t h e towns o f 
Nelson and Rossland i n t h e Kootenay r e g i o n o f B r i t i s h Columbia 
( F i g s . 1.1, 1.2). The area f a l l s w i t h i n t h e G e o l o g i c a l Survey 
o f Canada 'Nelson map-area (we s t h a l f ) ' , t h e g e n e r a l geology o f 
which i s d e s c r i b e d by L i t t l e ( 1 9 6 0 ) . 
F i g . 1.2 shows the p h y s i o g r a p h i c a l s e t t i n g of the are a ; 
t h e Rossland v o l c a n i c s , f o r the most p a r t , l y i n g w i t h i n t he 
\ 
1 
F i g u r e l.,2 
l^laps showing t h e g e o g r a p h i c a l and p h y s i o g r a p h i c a l 
s e t t i n g of the Nelson-Rossland a r e a , 
( f r o m L i t t l e , 1960) 
l l 54 
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P l a t e 1 
Looking n o r t h w e s t tow~rds Dominion Flountain, Upper 
s l o p e s are u n d e r l a i n by Nelson i n t r u s i v e r o c k s . Lower 
s l o p e s by the Rossland v o l c a n i c s . 
P l a t e 2 
Looking e a s t f r o m sample l o c a l i t y 4065, Wooded 
s l o p e s i n t h e f o r e g r o u n d are u n d e r l a i n by v o l c a n i c s . 
Rugged peaks i n t h e d i s t a n c e f o r m the Cambrian Q u a r t z i t e 
range o f the Kootenay Arc (Chapter 2 ) , 
P l a t e 3 
Looking s o u t h e a s t from Champion Lakes. Foreground 
wooded area i s u n d e r l a i n by Rossland v o l c a n i c s and A r c h i b a l d 
F o r m a t i o n s e d i m e n t s . 
P l a t e 4 
Looking s o u t h f r o m t h e peak one m i l e s o u t h e a s t o f nt. 
K e l l y ( c f , sample l o c a t i o n 4051), Wooded slope s i n f o r e -
ground are u n d e r l a i n by Rossland v o l c a n i c s . 
I? 
P l a t e 5 
Summit o f F i t , K e l l y , l o o k i n g n o r t h e a s t . Crags i n the 
f o r e g r o u n d are composed m a i n l y of bedded and massiue 
agglomerates and bedded,fine u o l c a n i c l a s t i c h o r i z o n s . 
P l a t e 6 
Summ:.t o f F i t , K e l l y , l o o k i n g n o r t h w e s t , jJooded s l o p e s 
below crags are u o l c a n i c s , u n d e r l a i n by A r c h i b a l d Formation 
sediments i n the u a l l e y b o t t o m . 
Bonnington Range of the s o u t h e r n S e l k i r k Mountains, The 
Bennington Range i s around 6,000 - 7,500 f e e t h i g h , w i t h some 
3,000 - 4,000 f e e t o f r e l i e f . G e n e r a l l y , t o the n o r t h t h i s range 
i s more rugged and l e s s v e g e t a t e d , being u n d e r l a i n i n g r e a t e r p a r t 
by g r a n i t i c r o c k s ( P l a t e s 1 , 2 ) , w h i l s t t o the s o u t h , the peaks are 
more subdued and h e a v i l y wooded, and v o l c a n i c r o c k s predominate 
( P l a t e s 3 , 4 ) , 
A l t h o u g h highway l i n k s the towns of Nelson, Salmo, 
F r u i t v a l e , T r a i l and Rossland ( F i g , 1 , 2 ) , access t o the areas 
u n d e r l a i n by v o l c a n i c s i s p r o b l e m a t i c due t o the i n v a r i a b l y dense 
f o r e s t c o v e r . L o c a l l y , p a r t i c u l a r l y near M t . K e l l y (G.R. 680440, 
F i g . 1 . 1 ) , exposure i s r e a s o n a b l e and a c c e s s i b l e by means of 
f o r e s t r y t r a c k s ( P l a t e s 5 , 6 ) . 
1:3 Sampling a n d ' a n a l y t i c a l t e c h n i q u e s 
The samples used i n t h i s s t u d y were c o l l e c t e d i n 1974 and 
1975 f r o m t h r o u g h o u t t h e area of t h e v o l c a n i c s ( F i g . l . l ) , t o g e t h e r 
w i t h some samples c o l l e c t e d by P r o f e s s o r R. St.3. Lambert ( U n i v e r s i t y 
of A l b e r t a ) and Dr. O.G. H o l l a n d ( U n i v e r s i t y o f Durham) i n 1973. 
C o l l e c t i o n was p r e d o m i n a n t l y f r o m highway and f o r e s t r y r o a d - c u t s 
on a c c o u n t of the poor exposure and a c c e s s i b i l i t y r e f e r r e d t o above. 
An e x c e p t i o n was t h e H t . K e l l y a r e a . Appendix 1 l i s t s d e s c r i p t i v e 
and l o c a t i o n data f o r the samples c o l l e c t e d . 
Samples were s e c t i o n e d and crushed f o r p e t r o g r a p h i c a l and 
c h e m i c a l s t u d y , p a r t l y a t the Department of Geology, U n i v e r s i t y 
of A l b e r t a , and whole-rock c h e m i c a l analyses made by XRF a t Durham 
(Appendix 2 ) . H i n e e a l analyses were performed by e l e c t r o n 
m i c r o p r o b e , a l s o a t Durham (Appendix 3 ) . M i n e r a l s e p a r a t i o n s and 
18 16 
oxygen e x t r a c t i o n s f o r 0/ 0 r a t i o d e t e r m i n a t i o n were c a r r i e d o u t 
a t t h e U n i v e r s i t y o f A l b e r t a , and mass-spectrometer runs were 
k i n d l y performed by Dr. K. Muehlenbachs (Appendix 4 ) . 6 
CHAPTER 2 
GEOLOGIC BACKGROUND 
2; 1 R e g i o n a l g e o l o g i c and t e c t o n i c s e t t i n g 
T h i s s e c t i o n d e a l s , p r i m a r i l y , w i t h the broad g e o l o g i c and 
t e c t o n i c enuironment i n t h e C o r d i l l e r a n r e g i o n a t the time o f 
Rossland u o l c a n i c a c t i u i t y , and p r o u i d e s a framework w i t h i n which 
f u r t h e r d i s c u s s i o n can be based. 
I n s e c t i o n s 2:1:1 and 2:1:3 below, are d i s c u s s e d , b r i e f l y , 
t h e sequence o f euents l e a d i n g up t o and f o l l o w i n g on fro m t he 
p e r i o d o f i n t e r e s t , namely t h e Upper T r i a s s i c and Lower D u r a s s i c ; 
whereas s e c t i o n 2:1:2 d e a l s i n more d e t a i l w i t h t h i s p e r i o d . 
The l o c a t i o n of the Rossland u o l c a n i c s i n r e l a t i o n t o the 
u a r i o u s l a r g e - s c a l e , C o r d i l l e r a n u o l c a n o - t e c t o n i c f e a t u r e s 
d i s c u s s e d below, i s i l l u s t r a t e d i n F i g s , 2:1, 2:2 and 2:3, I t 
can be seen t h a t t he Rossland u o l c a n i c s l i e w e l l w i t h i n t h e s o u t h e r n 
Ominica B e l t and t h a t t h e y are a p p a r e n t l y i s o l a t e d from t he main 
c o n c e n t r a t i o n of contemporaneous u o l c a n i c s i n the Intermontane B e l t , 
2:1:1 Pre-Hesozoic 
From Fig.2:1 i t can be seen t h a t a number o f d i s t i n c t 
t e c t o n i c b e l t s p a r a l l e l t he present-day c o n t i n e n t a l m argin, t he 
C o r d i l l e r a i n Canada b e i n g u n i f o r m l y wide. F u r t h e r s o u t h , w i t h i n 
t h e U.S.A., t h e C o r d i l l e r a i s c o n s i d e r a b l y broader from e a s t t o 
west. W h i l s t t h i s r e f l e c t s t h e r a t h e r d i f f e r e n t h i s t o r i e s o f 
th e two r e g i o n s , i n p a r t t h i s i s due t o the o r i g i n a l e x t e n t of 
th e c r a t o n about which the younger r o c k s o f t h e C o r d i l l e r a deueloped, 
The edge o f t h e basement, or c r a t o n , was e s t a b l i s h e d by 
r i f t i n g i n t h e Precambrian and a p a r t from s o u t h e r n C a l i f o r n i a i s 
s i t u a t e d w e l l e a s t o f t h e pre s e n t - d a y c o n t i n e n t a l margin. North 
o f 50°l\l i t i s s i t u a t e d beneath t h e Rocky Mountain Trench ( F i g . 2 : 2 ) , 
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F i g u r e 2.1 
R e g i o n a l t e c t o n i c d i v i s i o n s of the Canadian C o r d i l l e r a . 
RU - Rossland V/olcanics 
RMB - Rocky Mountain B e l t 
OCB - Ominica C r y s t a l l i n e B e l t 
QT - Quesnel Trough 
PG - P i n c h i G e a n t i c l i n e 
IB - I n t e r m o n t a n e B e l t 
CPC - Coast P l u t o n i c Complex 
IN - I n s u l a r B e l t 
Dashed l i n e i n the USA i s the d i v i s i o n between t h e 
mio-and e u g e o s y n c l i n e ( K i n g , 1 969), 
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F i g u r e 2.2 
Major t e c t o n i c linea/ments and o t h e r f e a t u r e s of 
Western N o r t h America (see t e x t f o r d i s c u s s i o n ) . 
A I n f e r r e d edge of Archaean basement 
" 87 86 
§ S r / Sr d i v i d i n g l i n e ('"'rmstrong e t a l . , 1977) 
C Late T r i a s s i c / E a r l y J u r a s s i c s u b d u c t i o n zone. 
( D i c k i n s o n , 1976) 
D C r u s t a l b l o c k s ( t h i c k n e s s i n km.) deduced 
fr o m g r a v i t y d a t a ( B e r r y e t a l . , 1971). 
RMT - Rocky Mountain Trench 
PF - P i n c h i F a u l t 
YF - Yalakom-Fraser F a u l t system 
TF - T i n t i n a F a u l t 
TS - T e s l i n F a u l t 
SDF - Shakwak-Denali F a u l t system 
QCF - Queen C h a r l o t t e F a u l t 
3FR - Ouan da Fuca r i d g e 




where c r u s t of 50 km.thickness gives way to 35 km.-thick crust to 
the west (Berry et a l . , 1971). Near 49^ |\|, seismic r e f r a c t i o n 
studies i n d i c a t e the craton as extending f u r t h e r west beneath the 
Ominica Belt ( B a l l y e t a l . , 1966). S i m i l a r l y , g r a v i t y data 
quoted i n Berry e t . a l . , (1971) i n d i c a t e , a block of 45 km.-thick 
c r u s t extending from southern Alberta i n t o B r i t i s h Columbia ( F i g . 1.2). 
This possible westward extension of the basement may be an o f f s e t 
r e l a t e d to the Precambrian r i f t - l i k e s t r u c t u r e i d e n t i f i e d by 
Kanasewich et a l . (1968) i n Alberta and which has been traced 
westward as f a r as the Rocky Mountain Trench (D i n Fig.2.2), 
Some data published by Armstrong et a l . (1977)are p e r t i n e n t 
to t h i s problem. In the north-west U.S.A., an accurate l i n e can 
be drawn between Mesozoic and Cenozoic plutons having an i n i t i a l 
87 86 
Sr/ Sr r a t i o of less than 0,7040 to the west and those with a 
r a t i o greater than 0,7055. Line B i n Fig.2.2 shows the trace of 
t h i s boundary and i t can be seen th a t i t crosses the I n t e r n a t i o n a l 
Boundary w e l l west of the Rossland area. Though a s i m i l a r l i n e 
has not been drawn i n Canada, consideration of the data of 
Peto (1974) shows i t probably continues north-west i n t o the 
Intermontane Belt j u s t east of the Coast Belt i n t r u s i o n s which have an 
average i n i t i a l , 'sv/ Sr of 0,7038. The Nelson B a t h o l i t h , which 
cuts the Rossland volcanics, has a r a t i o of 0,7069, Armstrong 
e t a l . (1977) consider t h i s l i n e to represent the edge of Precambrian 
basement, i n c l u d i n g rocks of at l e a s t 500-1500 my. I t may not, 
t h e r e f o r e , i n volve Archaean craton of 2000 my, and older (Gabriesle, 
1972). That rocksof a t l e a s t 1600 my. are enclosed to the east by 
t h i s boundary, i s confirmed i n n o r t h - c e n t r a l Washington by 
Mattinson (1972), though these rocks may be r e a c t i v a t e d ocean crust 
( n i s c h , 1966), Thus the Rossland volcanics may or may not o v e r l i e 
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c r a t o n i c basement; the data are not clear and i t i s hoped the 
study here may place some c o n s t r a i n t s . 
Sedimentation i n the C o r d i l l e r a began some 1250 my.ago with the 
P u r c e l l and Belt supergroups of the southern Omnica Belt and 
northern Idaho, They were followed by the Windermere supergroup 
a t about 850 my. Both these successions i n the Rossland area l i e 
east of the uolcanics as shown i n Fig.2v4 and section 2:2. 
Gabriesle (1972) suggests both successions b u i l t out from the 
t r a i l i n g edge of the cr a t o n , lahich r i f t e d 1600 my.ago. Stewart 
(1972), on the other hand, suggests t h a t r i f t i n g followed the 
P u r c e l l / B e l t phase and i s represented by conglomerates and v/olcanics 
a t the base of the Windermere group ( F i g . 2.4). This episode, the 
East Kootenay orogeny, i s seen a l t e r n a t i v e l y by, f o r example, 
Monger e t a l , (1972), as a s h o r t - l i u e d subduction phase. 
I n the l a t e Devonian and ear l y Mississippian, the Caribooan 
orogeny ( F i g . 2.5") ended the A t l a n t i c margin phase (Dickinson, 1976) 
of the C o r d i l l e r a and recorded the obduction of o p h i o l i t i c assemblages 
onto the p l a t f o r m sediments of the miogeocline. These rocks are 
preserved i n areas of the Ominica Belt (Monger et a l . , 1972), A 
s i m i l a r event occurred i n the U.S.A. d u r i g the Antler orogeny. 
Following these events, l a t e Palaeozoic volcanic arcs developed 
i n theQmirdca Belt (Monger, 1975) and i n the U.S.A. (Schweickert, 
1976), They were apparently s i t u a t e d on cr u s t of an oceanic 
nature. West of the arc, oceanic rocks occur i n the Intermontane 
Belt as represented by the Cache Creek group (Monger, 1975) and 
a subduction zone, causal to the volcanic arc, possibly lay along 
the Pinchi f a u l t ( F i g , 2.2)3, where l o c a l i s e d blueschists occur 
(Paterson & Harakal, 1974), 
11 
2;1;2 Upper T r i a s s i c and Lower Jurassic 
By t h i s time, accumulation of mater i a l during the previous 
subduction episode apparently caused an oceanward stepping, or 
s h i f t i n g , of the subduction zone to a s i t e marked by the Fraser-
Yalakom f a u l t system i n southern B r i t i s h Columbia. Further north, 
as shown by C i n Fig.2.2, i t transgressed the present-day Coast 
Pl u t o n i c Belt to l i n k up w i t h the Shakwak-Denali f a u l t system 
(monger, 1975; Dickinson, 1976). 
Also, by t h i s time, allochthonous arc complexes, b u i l t on 
Lower Palaeozoic basement, had been r a f t e d i n t o place i n souths 
east Alaska (Dones e t a l , , 1972) from a possible s i t e i n C a l i f o r n i a 
(Schweickert, 1976), 
During t h i s p e riod, subduction was continuous along most of 
the C o r d i l l e r a producing the extensive and voluminous volcanics of 
the Nicola-Takla groups i n Canada (Fig,2,3) and the various groups 
i n the Western U.S.A. noted by Rogers et a l . , (1974), In the n o r t h -
west U.S.A. the arc i s not w e l l defined; however, 190-210 my. 
plutons i n Washington (Armstrong e t a l . , 1977) record the presence 
of a magmatic arc i n t h i s r e g i o n . S i m i l a r l y , i n Canada a number 
of ^^200 my plutons l i e along the Nicola-Takla axis and the Pinchi 
g e a n t i c l i n e (Fig,2.1) (Douglas e t a l . , 1970; Gabriesle & Reesor, 1974), 
A problem during t h i s period i s the movement and l o c a t i o n ; o f 
the Vancouver Island segment of the Insular B e l t . I t i s agreed 
t h a t i n the Upper T r i a s s i c the subduction zone responsible f o r the 
volcanic arc lay i n the p o s i t i o n i n d i c a t e d i n Fig,2.2 (nonger et a l . , 
1972; nonger, 1975; Dickinson, 1976; Anderson, 1976). However, 
the f i r s t two papers suggest t h a t by the s t a r t of the Durassic 
s u t u r i n g of the Uancouver I s l a n d block to the main continent had 
occurred. This view i s based, p r i m a r i l y , on the change i n 
character of volcanism on Uancouver Island from submarine t h o l e i i t i c 
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type to explosive c a l c - a l k a l i n e , which i s thought to be evidence 
of a f u r t h e r westward s h i f t i n a c t i v e subduction. Dickinson (1976) 
notes though, t h a t i f t h i s were so then the b e l t of a c t i v e volcanism i n 
southern B r i t i s h Columbia would be 500 km, wide, f a r i n excess of that 
t o the n o r t h . He suggests the arc volcanics i n the Insular b e l t may 
be a northern extension of those caught up i n the Sierra F o o t h i l l s 
sub^Dction complex of C a l i f o r n i a , The i d e n t i f i c a t i o n of the Upper 
T r i a s s i c t h o l e i i t e s of Uancouver Island as island-arc t h o l e i i t e s 
(Souther, 1972; G r i f f i t h s , 1977)j rather than ocean-basin t h o l e i i t e s 
(Monger et a l . , 1972), tends to corroborate the view t h a t two 
subduction zones were operative. In a d d i t i o n , the continuation of 
ar c - t r e n c h gap sedimentation i n t o the Jurassic, i n southern B r i t i s h 
Columbia (Anderson, 1976), i n d i c a t e s the continuing presence of the 
Fraser-Yalakom subduction zone during the Rossland volcanic episode. 
C e r t a i n l y , by 160 my. palaeomagnetic evidence shows Uancouper Island 
t o be at a l a t i t u d e i n d i s t i n g u i s h a b l e from t h a t of the mainland, 
whereas i n the Upper T r i a s s i c t h i s i s not so (Symons, 1972; I r v i n g 
& Yole, 1969), Suturing was probably complete, then, by Middle or 
e a r l y Late Ourassic when volcanism apparently became r e s t r i c t e d to 
n o r t h - c e n t r a l B r i t i s h Columbia (J,G. Souther, i n press). 
The nature and d i s t r i b u t i o n of uolcanics (Fig,2.3) comprising 
the Upper Triassic/Lower Jurassic arcs i s discussed, i n more d e t a i l 
and where r e l e v a n t , elsewhere i n t h i s t h e s i s . Here i t i s s u f f i c i e n t 
t o note t h a t the volcanics preserved are l a r g e l y fragmentary 
v a r i e t i e s devel&ped i n basins around the emerging Pinchi g e a n t i c l i n e . 
A d d i t i o n a l l y , the mainly Upper T r i a s s i c Nicola-Takla rocks are 
predominantly basic, comprising augite-phyric basalts and b a s a l t i c 
andesites (Monger, 1975). By c o n t r a s t , Jurassic volcanics such as 
the Hazelton group (Fig,2.3) are generally more d i f f e r e n t i a t e d , w ith 
f e l d s p a t h i c a n d e s i t i c and d a c i t i c v a r i e t i e s . This probably r e f l e c t s 
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Figure 2.3 
D i s t r i b u t i o n of Upper T r i a s s i c (black) and 
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the development of the C o r d i l l e r a towards an Andean v a r i e t y 
( Dickinson, 1976). 
Within t h i s t e c t o n i c framework, the Rossland volcanics (see 
F i g . 2.3) are somewhat anomalously s i t u a t e d , l y i n g as they do east 
of p o s s i b l y emergent areas of the Ominica b e l t and w i t h i n the 
e s s e n t i a l l y non-volcanic Alberta trough (see F i g , VIII-32e of 
Douglas e t a l . , 1970). F l y s c h - l i k e sediments of the Slocan, 
Ymir and Archibald groups (see Section 2:2:2 and Fig.1.1) of the 
Rossland area are apparently westerly derived. However, the 
Rossland volcanics l i e on a southerly p r o j e c t i o n of the Quesnel 
trough ( F i g , 2 . 1 ) , which contains l i t h o l o g i c a l l y and temporally 
s i m i l a r volcanics (Campbell & Tipper, 1971), and t h i s b e l t may have 
been continuous, 
2:1:3 Post-Lower Jurassic 
Following the e s s e n t i a l l y o f f s h o r e - i s l a n d , volcanic-arc regime 
of the period described i n Section 2:1:2 (see also Stanley et a l . , 
1971), emergence of the Ominica and Coast Belts caused a r e s t r i c t i o n 
of the sedimentary areas and gave r i s e to the c h a r a c t e r i s t i c 'successor 
basin* regime (Douglas et a l . , 1970). By the l a t e Cretaceous, the 
C o r d i l l e r a was t o t a l l y emergent, though a c t i v e subduction continued 
ss evidenced by the massive p l u t o n i c emplacement i n the Coast B e l t , 
Comagmatic w i t h these plutons, highly d i f f e r e n t i a t e d and explosive 
volcanics were erupted (j.G.Souther, i n press; Souther, 1967), 
c h a r a c t e r i s t i c of an Andean c o n t i n e n t a l margin. 
I n the Ominica B e l t , accompanying the i n t r u s i o n of b a t h o l i t h s , 
deformation and metamorphism of the Columbian orogeny occurred 
(see Fig,2.4), I n the south of t h i s b e l t , t h i s orogeny was 
heralded by the i n t r u s i o n of 165 my.plutons, such as the Nelson 
B a t h o l i t h , Migration eastwards of deformation subsequently gave 
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r i s e t o the prominent decollement t h r u s t i n g i n the Rocky Mountain 
Belt i n the e a r l y T e r t i a r y (Wheeler & Gabriesle, 1972). 
From the Miocene onwards, extensional r a t h e r than compressive 
stresses p r e v a i l e d over most of the Canadian C o r d i l l e r a . R e f l e c t i n g 
t h i s was a marked change i n the character of associated volcanism 
from t h a t of c o n t i n e n t a l c a l c - a l k a l i n e t o an a l k a l i n e plateau-basaltic 
phase. Causal t o t h i s change was the spread along the c o n t i n e n t a l 
margin of transform motion (Queen Charlotte Fault - Fig,2.2) w i t h 
a c t i v e subduction being l i m i t e d t o the ;nbrthwest U.S.A. (D.G. Souther, i n 
p r e s s ) , 
2 ;2 Local Geology 
2;2;1 Pre-Mesozoic 
I n F i g . 1.1 i t can be seen t h a t i n general, separated from 
Mesozoic rocks by t h r u s t f a u l t i n g , are pre-Mesozoic s t r a t a grouped 
under u n i t 1., These are the steeply dipping, t i g h t l y folded 
sediments of the Kootenay Arc (Ross, 1970 and Fig,2.4), which 
are the l o c a l r e p resentation of the e a r l y (Proterozoic to Devonian) 
miogeocline and the l a t e r (Permo-Trias) eugeosyncline. Fig,2.5 
shows the general sequence of events i n the Nelson-Rossland area. 
East of the Rossland volcanics (F i g , 2 . 4 ) , f i n e - g r a i n e d , 
s i l i c e o u s e l a s t i c s and carbonates of the P u r c e l l group reach 
14,000 m,: i n thickness and are o v e r l a i n unconformably by the coarser 
and less mature sediments of the Windermere group. I n t e r c a l a t e d i n 
t h i s succession are l o c a l , basic volcanic u n i t s , f o r example the 
Irene Formation (Rice, 1941), 
The Palaeozoic was i n i t i a t e d during calmer sedimentary conditions 
( L i t t l e , 1960), w i t h the deposition of a westerly thickening and 
f i n i n g sandstone, now the Cambrian Quartzite Range Formation, 
Further north i n tie Kootenay Arc, t h i s u n i t i s the Hamil Formation 
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Figure 2.4 
Geology of the southern Dminica Belt showing 
the r e l a t i o n of the Rossland area to the 
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(Ross, 1970), Subsequent Cambrian and Ordcwician sediments comprise 
a s i m i l a r l y , e a s t e r l y - d e r i v e d sequence of a r g i l l i t e s and calcareous 
shales. 
In the southernmost end of the Canadian Kootenay Arc, deposition 
then apparently ceased or became very i n t e r m i t t e n t , though f u r t h e r 
n orth the Devonian Broadview Formation occurs (Douglas et a l . , 1970). 
P r i o r t o the deposition of the Pennsylvanian M i l f o r d and Mt.Roberts 
sediments, f o l d i n g , t h r u s t i n g and low-grade metamorphism occurred, 
as shown i n Fig. 2.5. The M i l f o r d and Mt.Roberts successions are 
broadly contemporaneous and were probably l i n k e d , the assemblage of 
limestones, c h e r t s , q u a r t z i t e s and a r g i l l i t e s being common to both 
(Douglas e t a l . , 1970). The Mt.Roberts formation can also be 
l i n k e d w i t h the Cache Creek Group of the Intermontane Belt (Campbell, 
1966), 
2;2;2 Mesozoic and Cenozoic 
Following the M i l f o r d Group i n the Kootenay fire are the Permo-
Trias Kaslo and Slocan Groups, now preserved t o the north and east of 
the Rossland volcanics. The Kaslo Group i s a succession of a l t e r e d 
agglomerates, t u f f s and flows w i t h l o c a l i s e d bodies of s e r p e n t i n i t e 
(Rice, 1941). Monger (1975) includes t h i s group i n the l a t e 
Palaeozoic to Mid-Triassic b e l t of volcanic-arc a f f i n i t y , noted i n 
Section 2:1:1. 
The Slocan Group, o v e r l y i n g the Kaslo Group disconformably, 
c o n s i s t s of predominantly a r g i l l a c e o u s sediments, containing some 
well-developed s l a t y f a c i e s , and possibly reaches thicknesses of 
12,000 m, ( I r w i n , 1951), though t h i s may be due to undetected 
f o l d i n g . Further south and conformably underlying the Rossland 
Uolcanics i n the Ymir map-area ( F i g . l . l ) i s the Ymir Group, 
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Despite a lack of f o s s i l evidence ( M c A l l i s t e r , 1 9 5 1 ; L i t t l e , 1 9 6 0 ) , 
i t seems t h a t t h i s group i s an extension of the Slocan, since a d i s -
continuous chain of roof pendants i n the Nelson B a t h o l i t h appear to 
l i n k the two. 
Underlying the Rossland volcanics i n the Salmo area ( F i g , 1 . 1 ) , 
the sediments are termed the Archibald Formation ( L i t t l e and Frebold, 
1 9 6 2 ) , These sediments, though l i t h o l o g i c a l l y s i m i l a r to the Ymir 
Group, are f o s s i l i f e r o u s , c o n t a i n i n g ammonites which date the sequence 
as Hettangian t o Lower Sinemurian, I n part they are probably 
c o r r e l a t i v e with the Ysfnir Group (see F i g , 3 . 1 ) . The Archibald 
Formation i s about 4 , 0 0 0 f e e t t h i c k i n the type l o c a l i t y of 
Archibald Creek (G.R. 7 1 5 4 6 0 , F i g , 1 , 1 ) , L i t h o l o g i e s i n t h i s 
succession include mainly a r g i l l i t i c s i l t s t o n e and mudstone, with 
less common beds of greywacke, v o l c a n i c l a s t i c s and q u a r t z i t e . I n 
the coarser f a c i e s , c l a s t s of K-feldspar, plagioclase and a l t e r e d 
ferro-magnesian minerals occur w i t h a r e l a t i v e l y low abundance of 
quartz, i n d i c a t i n g a volcanic and/or p l u t o n i c source . t e r r a i n . I n 
a d d i t i o n , the occurrence of common graded bedding, and a lack of 
cross bedding, suggest a d i s t a l , t u r b i d i t i c sedimentary environment. 
Above the Ymir and Archibald sediments i s the dominantly 
volcanic Rossland Group or E l i s e Formation. This succession 
forms the basis of t h i s t h e s i s and i s discussed i n f u r t h e r chapters. 
The youngest sedimentary rocks i n the area, apart from the 
l o c a l Sophie Mountain conglomerates ( F i g . 2 . 5 ) , - ^ t r e the H a l l 
Formation|^ujhich o v e r l i e . , conformably, the volcanics. This 
sequence i s Toarcian to Bajocian (Frebold, 1 9 5 9 ; L i t t l e & 
Fr e b o l d , . 1 9 6 2 ) . In Ke l l y Creek (G.R. 665 4 0 5 , F i g . l . l ) , the 
H a l l Formation i s o v e r l a i n by agglomerates and v o l c a n i c l a s t i c s 
of the Upper Rossland Group ( L i t t l e , 1 9 6 2 ; 1 9 6 4 ) , but i n the 
type l o c a l i t y of H a l l Creek (G.R, 800 7 0 0 , F i g , 1 , 1 ) , the top i s 
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not exposed, the Formation occupying the core of a syncline. 
L i t h o l o g i e s found i n the H a l l Creek l o c a l i t y include s i l t s t o n e s , 
greywackes and conglomerates ( M u l l i g a n , 1952), Uolcanigenic 
components are common. The presence of cross bedding and plant 
remains ( L i t t l e & Frebold, 1962), together w i t h the occurrence of 
conglomerates suggest a shallow-water environment. This presumably 
r e f l e c t s the beginning of emergence of the Ominica Belt during 
e a r l y phases of the Columbian orogeny. 
Later rocks i n the area are almost t o t a l l y i n t r u s i v e , 
belonging predominantly t o the Nelson B a t h o l i t h , This was 
emplaced i n the Middle and Late Durassic (Nguyen et a l . , 1968; 
Gabriesle & Reesor, 1974), c l e a r l y over a period of time, since 
i n places the rocks are f o l i a t e d p a r a l l e l to the s t r u c t u r a l trend. 
This i s p a r t i c u l a r l y evident i n the southern t a i l of the b a t h o l i t h 
and i n the S i l v e r King Porphyry ( F i g . l . l ; u n i t 8d) t h a t intrudes 
the volcanics ( M u l l i g a n , 1952 and w r i t e r ' s observations). Younger 
phases of the b a t h o l i t h , on the other hand, are c l e a r l y discordant; 
f o r example i n the Eerie Creek, Dominion Mountain area ( F i g . l . l ) , 
P e t r o g r a p h i c a l l y , the Nelson i n t r u s i o n s , are mainly b i o t i t e 
and hornblende g r a n o d i o r i t e s , usually bearing K-feldspar phenocrysts 
( L i t t l e , 1960; Gabriesle & Reesor, 1974). Less abundant quartz 
d i o r i t e and quartz monzonite f a c i e s also occur. The S i l v e r King 
Porphyry, r e f e r r e d to above, i s a d i s t i n c t i v e rock type. I t i s 
pale-green i n colour and contains rounded, milky-white to pale-
green o l i g o c l a s e phenocrysts about 0.5 to 1.0 cm. i n diameter. 
Chemical analyses of samples from t h i s body are included i n 
Appendix 3. 
Younger i n t r u s i v e rocks of the T r a i l B a t h o l i t h , Rossland 
Monzonite and Co r y e l l B a t h o l i t h occur southwest of Nelson B a t h o l i t h 
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( F i g . l . l ) . Dates on these rocks by Fyles et a l . (1973) suggest 
the Rossland Monzonite i s a t l e a s t 90 my, e l d , whereas the 
C o r y e l l and T r a i l B a t h o l i t h s give K-Ar b i o t i t e dates of 48-50 my. 
Compared to the Nelson re p r e s e n t a t i v e s , t h i s T e r t i a r y s u i t e i s much 
more a l k a l i n e , comprising monzonites, syenites and syenodiorites 
(Gabriesle & Reesor, 1974). They are probably comagmatic w i t h the 
OK uolcanics (Fig«l,l) and lamprophyre dykes of the region, also 
dated around 50 my. by Fyles e t a l , (1973). 
Other rocks i n the area include a s e r p e n t i n i t e body near the 
town of Rossland (G.R. 415 360, F i g . l . l ) and a gabbro-syenite complex 
near Nelson which was named the 'Bennington Complex* by Mulligan 
(1952) (G.R. 700 800, F i g . l . l , u n i t s 8a, b, c ) . 
The former body i s emplaced i n the Pit.Roberts and Rossland 
Volcanic Groups and i s apparently older than the Nelson B a t h o l i t h 
since i t i s cut by p o r p h y r i t i c g r a n o d i o r i t e veins. I t has, 
g e n e r a l l y , highly sheared contacts (D.T.Fyles, i n preparation) 
and was probably t e c t o n i c a l l y emplaced along northeasterly s t r i k i n g 
f a u l t s c a l l e d the 'Rossland Break' by Fyles ( o p . c i t ) . 
The Bennington Complex includes what Mulligan (1952) c a l l s 
'pyroxene-hornblende-biotite' rock and 'pseudodiorite'. The 
former he believed to be a metasomatic contact facies of the 
v o l c a n i c s . This, however, i s not the case and i n f a c t i t i s a 
c i i n o p y r o x e n e - r i c h cumulate derived from the Rossland magmas, as 
i s shown l a t e r . The pseudodiorite i s a gabbroic rock, again 
probably r e l a t e d t o the volcanics. The petrography and chemistry 
of these rocks i s discussed i n chapters 4 and 5. Gradational w i t h 
the pseudodiorite i s a s y e n i t i c rock, though t h i s may be a phase 
of the Nelson B a t h o l i t h ( M u l l i g a n , 1952). 
22 
CHAPTER 3 
R05SLAND UOLCANIC GROUP; 
INTRODUCTION AMD GENERAL DESCRIPTION 
3;1 History of research 
The Rossland Volcanic Group was named i n i t i a l l y by HcConnell 
& Brock (1904) from exposures near the town of Rossland (Fig,1.1), 
to which they assigned a Carboniferous age. This was on the basis 
of f o s s i l s c o l l e c t e d from the nearby n t . Roberts Formation, A 
separate 'Beaver f o u n t a i n * Group was also named, by PIcConnell & 
Brock ( o p . c i t . ) , f o r apparently fresher uolcanics on fflt,Kelly 
( p r e v i o u s l y Beauer Mountain - Fig.1.1). 
Daly (1912), i n mapping the I n t e r n a t i o n a l Boundary s t r i p , 
s i m i l a r l y d i v i d e d the volcanics and also separated them from the 
Rt.Roberts Formation. 'Massive and schistose' volcanics near 
Rossland were grouped w i t h the Carboniferous s t r a t a , whereas the 
apparently younger, l a t i t i c volcanics of the same area were l i n k e d 
w i t h the Beaver Mountain succession, though Daly ( o p . c i t . ) noted 
the lack of l a t i t e s i n the Mt.Kelly area. 
From petrographic work on the younger volcanics near Rossland, 
Daly (1912) recognised a d i v e r s i t y of lava types; o l i v i n e basalt, 
o l i v i n e - f r e e b a s a l t , augite andesite and a v a r i e t y of l a t i t i c 
types bearing common b i o t i t e and hornblende. Analyses completed 
at t h i s time, and also quoted by L i t t l e (1960), show these rocks 
to be a l k a l i c , p a r t i c u l a r l y i n regard to K2O. One analysis of 
an 'augite p o r p h y r i t e ' (Drysdale, 1915 and table I i n L i t t l e , 1960) 
i s s u b s t a n t i a l l y d i f f e r e n t i n t h a t K2O i s much less than Na20. 
The s i g n i f i c a n c e of t h i s i s discussed l a t e r . 
Subsequently, Walker (1934), i n mapping the Salmo area, thought 
the d i s t i n c t i o n between the Rossland and Beaver Mountain Groups too 
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a r t i f i c i a l , and on the scale of one-inch-to-one-mile regarded them 
as a s i n g l e e x t r u s i v e - i n t r u s i v e complex. 
However, mapping i n three adjacent areas by M c A l l i s t e r (1951), 
Mulligan (1952) and L i t t l e (1950) r e i n s t a t e d a twofold d i v i s i o n of 
the voleanics, extending i t to the area between Nelson and Salmo. 
l/olcanics l y i n g above the Ymir Group and below the Hal l Formation, 
were regarded as older than those west o f , and apparently above, 
the H a l l sediments ( F i g . l . l ) . I n a d d i t i o n , sediments i n Archibald 
Creek were mapped as H a l l Formation and couW be seen to underlie:-, 
volcanics there. Thus, the Beaver Mountain (Mt.Kelly) Group 
was extended north towards Toad Mountain (G.R.763 733, F i g . l . l ) . 
The older volcanics o v e r l y i n g the Ymir Group were termed the Elise 
Formation. 
Revision of t h i s scheme came about f o l l o w i n g more d e t a i l e d 
f o s s i l c o l l e c t i o n s i n the area (Frebold, 1959; Frebold & L i t t l e , 
1962). The Archibald Creek sediments were recognised as older than 
the H a l l Formation. Subsequently, L i t t l e (1962, 1964) discovered 
' H a l l ' rocks o v e r l y i n g the Beaver Mountain volcanics i n Kelly 
Creek ( F i g . l . l ) . Uolcanic rocks, then, from throughout the Nelson-
T r a i l b e l t , were henceforth regarded as of the same age and were 
grouped, by L i t t l e (1960), under the d e s c r i p t i o n 'Rossland Formation' 
Later, L i t t l e (1962, 1964) reverted to the term 'Elise Formation' 
f o l l o w i n g the naming of the Upper Rossland Group, a l o c a l i s e d , 
fault-bounded block of volcanics o v e r l y i n g the Hal l Formation i n 
Ke l l y Creek ( F i g . l . l ) , F i g . 3.1 summarises the l o c a l s t r a t i g r a p h y 
of the area as i t now stands. 
While the s i t u a t i o n , as described, now appears clear f o r the 
area between Nelson and T r a i l , the volcanics i n the immediate 
v i c i n i t y of Rossland provided f u r t h e r controversy. L i t t l e (1960) 
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represented rocks on Record Ridge, OK Mountain, Grey Mountain and 
Did Glory Mountain (see Fig.1.1) as belonging to the Rossland 
Formation of Lower Jurassic age. Subsequently, L i t t l e (1963) 
noted the Old Glory Mountain representatives were much younger, 
possibly T e r t i a r y , and d i s t i n c t l y more a l k a l i c than the bulk of 
the v o l c a n i c s , Fyles (1970; i n prepn.) and Fyles et a l . (1973) 
also r e j e c t e d the Record Ridge, OK Mountain and Grey Mountain 
volcanics as being Lower Durassic and renamed them the 'OK 
Volcanic Group', K-Ar dates on these rocks give an age of about 
51 my, (Fyles et a l , , 1973), I t i s from t h i s group t h a t Daly's 
(1912) l a t i t e s were taken and analysed; thus these analyses, 
though occasionally quoted as belonging to the Rossland volcanics 
(e.g. Souther, i n pres s ) , bear no r e l a t i o n to them. Drysdale's 
(1915) analysis of an augite p o r p h y r i t e , though, i s a Rossland 
volcanic r e p r e s e n t a t i v e . 
3;2 Age and c o r r e l a t i o n 
thi Uct 
Resulting from the researches described above, i s ^ t h a t the 
Rossland volcanics were erupted and deposited between Sinemurian 
and Toarcian or Bajocian time. Viewed i n more d e t a i l , the precise 
ages of the base and top of the succession vary from area to area. 
Fig.3.1, based on i l l u s t r a t i o n s i n Frebold-&^Little. (1962) and 
L i t t l e (1963), shows t h a t i n the F r u i t v a l e to Parks area, volcanics 
l o c a l l y appear to underlie part of the Archibald Formation, whereas 
i n Archibald Creek they occur only above i t (Figs. 1.1 and 3.1). 
Near Rossland, the volcanics l i e unconformably on the Mt.Roberts 
Formation ( L i t t l e , 1960; Fyles, 1970), i n d i c a t i n g a possible 
e a r l i e r i n i t i a t i o n of v o l c a n i c i t y i n t h i s area. Also, w i t h i n 
the volcanics here, Sinemurian sediments are i n t e r c a l a t e d . 
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Figure 3.1 
C o r r e l a t i o n diagram f o r the Mesozoic rocks of the 
Nelson-Rossland area. 
1 Ymir Map-area 
2 Keystone Mountain area 
3 MtoKelly succession (Figo3„2) 
4 B e l l Creek area 
5 B l i z z a r d Mountain - F r u i t v a l e area 
6 Rossland area 
( r e f e r to Fig,1.1 f o r l o c a t i o n s ) 
Approximate thicknesses (where estimable) are given 











o c o o 
•o c a 
(/) 
(/) o cr 
E 
LL 
a -9 Ic u 














i n 0 " 
1 1 1 1 
> 
01 i < i 
• 1 1 1 
















c g o o 
CD 
c 





t_ a o 


















S i m i l a r l y , the top of the volcanic succession shows 
transgressiue time r e l a t i o n s . I n the Ymir area, where i n i t i a t i o n 
of v u l c a n i c i t y was possibly e a r l i e r , the Hall Formation i s older 
(Toarcian) than i n the Mt.Kelly area (B a j o c i a n ) . The extent of 
the Upper Rossland Group i s unknown. 
Thicknesses of the succesaon vary from around 8,000 f e e t 
i n t h e Ymir area t o possibly 10,000 f e e t i n 1he Mt.Kelly area. 
The extent of the Rossland Uolcanics south of the I n t e r n a t i o n a l 
Boundary i s l i m i t e d , and they can only be traced about ten miles 
south where they occur i n l o c a l i s e d , fault-bounded outcrops 
(Yates, 1970; Yates & Engels, 1968). To the north of Nelson 
there i s l i t t l e sign of the Rossland Uolcanics, probably due to 
the greater i n t e n s i t y of u p l i f t and metamorphism w i t h i n the 
Shuswap Complex (Fi g . 2 . 4 ) . However, i n the Nakusp area, eighty 
miles north of Rossland, Hyndman (1968) c o r r e l a t e s , t e n t a t i v e l y , 
augite-bearing greenstones w i t h the Rossland Group. I t seems 
l i k e l y t h a t the volcanics were o r i g i n a l l y much more widespread. 
On a broader scale, s i m i l a r l y aged volcanic rocks are found 
predominantly i n the Intermontane Belt of c e n t r a l and northern 
B r i t i s h Columbia. These are termed the Hazelton Group (Tipper, 
1959; Tipper & Richards, i n press). Underlying the Hazelton 
Group, and also occurring i n the Quesnel Trough (see Figs. 2.2 
and 2.3), are the predominantly Upper T r i a s s i c Takla Group. The 
Quesnel Trough Takla volcanics are considered, by Campbell (196Q) 
and Campbell & Tipper (1971), to be, i n p a r t , Sinemurian i n age. 
The Nicola volcanics d i r e c t l y west of Rossland i n the 
Intermontane Belt ( F i g s . 2.2, 2.3) are also predominantly Upper 
T r i a s s i c ( C o c k f i e l d , 1948; Rice, 1947; Sch^, 1970), though 
again the Lower Jurassic may be represented (Campbell & Tipper, 
1971; Anderson, 1976). 
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Lower to Middle Jurassic volcanics are also found on Vancouver 
I s l a n d , belonging to the Bonanza Group. These are s i m i l a r to 
the Intermontane volcanics but, as was shown i n Chapter 2, are 
thought to be allochthonous and associated w i t h a d i f f e r e n t 
subduction zone ( G r i f f i t h s , 1977). 
3;3 L i t h o l o c | i c a l and f i e l d c h a r a c t e r i s t i c s 
A f e a t u r e of the Rossland Volcanic Group, throughout the 
area of the map ( F i g . 1 . 1 ) , i s the high p r o p o r t i o n of fragmentary 
rocks, ranging from coarse agglomerates, conglomerates and breccias 
to tuffaceous and f i n e v o l c a n i c l a s t i c m a t e r i a l . On the other 
hand, d i s t i n c t , massive flows are r a r e . This, as w i l l be shown, 
i s a general c h a r a c t e r i s t i c of contemporaneous volcanics elsewhere 
i n the Canadian C o r d i l l e r a . F i g . 3.2 i s a generalised section 
from Archibald Creek to K e l l y Creek (see F i g . l . l ) and i l l u s t r a t e s 
the v a r i e t i e s of l i t h o l o g y present, and which are described i n 
more d e t a i l below. 
Though the above-named l i t h o l o g i e s i n r e a l i t y form a continuum, 
$;hey are described, f o r convenience, under separate headings below. 
3;3;1 Fine-grained fragmentary rocks 
In t h i s broad group are described tuffaceous and v o l c a n i c l a s t i c 
rocks w i t h a g r a i n - s i z e of less than about 5 mm., and averaging 
around 1 mm. 
These v a r i e t i e s occur throughout the area, but are p a r t i c u l a r l y 
abundant near Mt,Kelly (Fig,3.2). Here, the rocks are r e l a t i v e l y 
w e l l exposed and, as i s shown i n Chapter 6, are comparatively 
t e x t u r a l l y and m i n e r a l o g i c a l l y unaltered, compared to volcaniris 
f u r t h e r n o r t h . Thus, most of the d e s c r i p t i o n below i s based on 
samples c o l l e c t e d i n t h i s area. Despite t h i s , the rocks i n the 
f i e l d are grey-green i n colour and w e l l indurated, r e f l e c t i n g a 
moderate degree of a l t e r a t i o n . 
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Figure 3.2 
Generalised l i t h o l o g i c a l s e c t i o n across Mt.Kelly 
(see F i g . l o l ) i l l u s t r a t i n g abundances of rock 
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Primary tuffaceous rocks occur s p o r a d i c a l l y i n the section 
( F i g . 3.2), though they are not e a s i l y d i s t i n g u i s h a b l e from reworked 
v o l c a n i c l a s t i c s i n the f i e l d . In t h i n - s e c t i o n , however, they 
are i d e n t i f i a b l e by being c h a r a c t e r i s t i c a l l y badly sorted, w i t h 
broken c r y s t a l and l i t h i c fragments set i n an o r i g i n a l l y dusty 
m a t r i x , though the l a t t e r i s i n v a r i a b l y c h l o r i t i s e d or a l t e r e d 
t o clay minerals (Plate 7 ) . L i t h i c fragments are almost t o t a l l y 
v o l c a n i c , corresponding to the augite and plagioclase-phyric lava-
types t h a t characterize the area. Some of the larg e r fragments 
can be seen to be v e s i c u l a r , while others are not and show evidence 
of d e r i v a t i o n by explosive d i s i n t e g r a t i o n of previously consolidated 
l a v a . Rarely, f i n e , d e v i t r i f i e d , glassy fragments are observed 
t h a t show signs of being f l u i d or p l a s t i c during deposition 
( P l a t e 8 ) , C r y s t a l fragments are i n v a r i a b l y augite, plagioclase 
or primary amphibole, again corresponding to the l o c a l abundance of 
phenocrysts. I n any one sample, not a l l species are necessarily 
present. Plates 9 and 10 i l l u s t r a t e these c h a r a c t e r i s t i c s . 
Though, i n the Mt,Kelly area, augite and primary amphibole are 
t y p i c a l l y unaltered ( i , e , not amphibolised), those occurring as 
c l a s t s i n the tuffaceous (and v o l c a n i c l a s t i c ) rocks are commonly 
more a l t e r e d along margins and f r a c t u r e s to c h l o r i t e and, r a r e l y , 
u r a l i t e , than the same minerals i n a c r y s t a l l i n e matrix. This 
i s a f u n c t i o n of the ease of access of c i r c u l a t i n g f l u i d s during 
hydrothermal a l t e r a t i o n or metamorphism. 
In some tuffaceous v a r i e t i e s , guartz grains are common 
(Pl a t e 9 ) . These are usually broken and s t r a i n e d , and are 
probably derived from underlying sediments rather than representing 
contemporaneous igneous phenocrysts, since they occur only as 
i n d i v i d u a l fragments and are not observed enclosed by any 
c r y s t a l l i n e m atrix. 
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P l a t e 7 
Ph o t o m i c r o g r a p h : Tuffacenus rock c o n s i s t i n g p r i n c i p a l l y 
of broken and a n g u l a r p l a g i o c l a s e fragments w i t h a l t e r e d 
o x i d e s , c h l o r i t i s e d r o ck fragments and m a f i c s . K - t r i x i s 
h i g h l y a l t e r e d t o Fina aggreg-->'es o f e j i d o t e and c h l o r i t e . 
(Sample 5097. F i e l d w i d t h = 4 mm.). 
P l a t e B 
Photomicrograph: Glassy fragment ( d e v i t r i f l e d ) i n a 
f i n e agglomeratic"'rock, showing p l a s t i c d e f o r m a t i o n d u r i n g 
d e p o s i t i o n . (Snmple 4076. P^L. F i e l d w i d t h = 4 mm.). 
31 
7 " •'•'.^  V ' ^ At'. 
Plate 9 
Photomicrograph. Tuffaceous rock c o n s i s t i n g of 
plagioclasB, amphibole and, less commonly, quartz grains, 
C h l o r i t i s e d rock fragments are abundant. Note the 
a n g u l a r i t y and variety of siz e of the c l a s t s . (Sample 
5029, F i e l d width = 4 mm.). 
Plate 10 
Photomicrograph: t u f f / v o l c a n i e l a s t i c composed of 
angular but s l i g h t l y rounded fragments of pyroxene, 
plagioclase or rock. Small amount of c a l c i t e f o r m j 
i n t e r s t i a l l y to the fragments (Sample 5008, F i e l d 
width = 4 mm,), 
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The tuffaceous rocks are commonly w e l l bedded but are 
l o c a l l y massive, l a c k i n g e a s i l y definable i n t e r n a l s t r u c t u r e , 
and, where they are w e l l indurated and charged w i t h c r y s t a l fragments, 
can resemble p o r p h y r i t i c lavas or minor i n t r u s i o n s , e s p e c i a l l y as 
t h e i r f i e l d - r e l a t i o n s are i n v a r i a b l y obscured. Similar observations 
are reported by Fyles ( i n prepn.) on the volcanic rocks of the 
Rossland ; :G3 i i ip . 
No evidence was seen, e i t h e r i n the f i e l d or i n t h i n - s e c t i o n , 
f o r the presence of i g n i m b r i t i c or welded ash-flow deposits, such 
as ch a r a c t e r i z e the c o n t i n e n t a l margin c a l c - a l k a l i n e , a n d e s i t i c to 
r h y o l i t i c magmatism. P y r o c l a s t i c m a t e r i a l , as noted, appears to 
be predominantly a i r f a l l deposits of cool, fragmentary de b r i s . 
I n apparently greater abundance are water-reworked d e r i v a t i v e s 
of primary tuffaceous m a t e r i a l . The presence of marine sediments 
throughout the succession of Fig.3.2 testifies to the aqueous nature 
of the environment, a t l e a s t a t times, during the period of volcanism. 
I t seems l i k e l y t h a t much p y r o c l a s t i c debris f e l l d i r e c t l y i n t o the 
sea and was thus immediately a v a i l a b l e f o r reworking. I n a d d i t i o n , 
the grey-green c o l o u r a t i o n of the volcanics g e n e r a l l y , i s suggestive 
of sub-aqueous c o n d i t i o n s ; since where the environment was subaefial at the 
same time, f o r example i n the Hazelton area of B r i t i s h Columbia, 
red and purpla c o l o u r a t i o n i s common (Monger & Church, 1977).. 
Bedding i n these v o l c a n i c l a s t i c horizons i s usually d i s t i n c t , 
w i t h f i n e laminations r e f l e c t i n g g r a i n - s i z e v a r i a t i o n and the 
r e l a t i v e proportions of the c o n s t i t u e n t c l a s t s . Whilst i n t e r n a l 
laminations are on the order of 1 to 5 ctn., i n d i v i d u a l beds or 
u n i t s range from 1 m. to at l e a s t 10 m. As wi t h tuffaceous 
horizons, t h i c k e r and more massive c r y s t a l - b e a r i n g u n i t s can 
resemble p o r p h y r i t i c c r y s t a l l i n e rocks. 
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I n t h i n - s e c t i o n , c o n t r a s t i n g w i t h primary m a t e r i a l , fragments 
of the f i n e - g r a i n e d v o l c a n i c l a s t i c s are rounded to subangular and 
are b e t t e r s o r t e d , i n d i c a t i n g a tendency f o r any f i n e volcanic dust 
to be winnowed out (Plates 11, 12). Often a c a l c i t i c matrix i n f i l l s 
the r e s u l t a n t pore apace. Fragment types are generally i d e n t i c a l to 
those described above. Horizons i n which mafic c r y s t a l c l a s t s are 
e i t h e r absent or completely a l t e r e d , tend to be associated w i t h , and 
grade i n t o sedimentary horizons, possibly i n d i c a t i n g a higher degree 
of t r a n s p o r t and weathering p r i o r to d e p o s i t i o n . On the contrary, 
v o l c a n i c i s s t i c beds bearing abundant augite or amphibole fragments, 
tend to occur interbedded w i t h agglomerates and conglomerates, and 
were r a p i d l y buried. I t i s e s p e c i a l l y noticeable a t the very top 
of the Fig.3.2 succession, and w i t h i n the ov e r l y i n g Hall Formation, 
t h a t v o l c a n i c l a s t i c s are r i c h i n f e l d s p a t h i c components, augite and 
amphibole being q u i t e rare (Plate 12 ) . 
In the volcanics north and north west of Salmo, where the degree 
of metamorphism i s appreciably higher (Chapter 6 ) , and where the 
rocks are l o c a l l y sheared or schistose, f i e l d r e l a t i o n s are less 
c l e a r . However, i t i s f r e q u e n t l y possible to detect laminated 
greenstones i n t e r c a l a t e d w i t h more massive, s t r u c t u r e l e s s green-
stones, and which are c l e a r l y o r i g i n a l p y r o c l a s t i c or v o l c a n i c l a s t i c 
horizons. Apart from s p o r a d i c a l l y occurring sedimentary u n i t s , 
these r e l i c t beds are the only i n d i c a t o r s of s t r u c t u r e i n t h i s area. 
3;3;2 Coarse-grained fragmentary rocks 
Fragment sizes included under t h i s heading range from around 
1 cm. t o 10 cm.,with, r a r e l y , blocks i n some breccias reaching 1 m. 
Agglomeratic rocks commonly occur as massive, s t r u c t u r e l e s s 
u n i t s up t o 25m. t h i c k . A good l o c a l i t y f o r such l i t h o l o g i e s , 
again w i t h i n the Mt.Kelly area, i s on the summit of the mounten 
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• ^ ^ ^ ^ ^ 
P l a t e 11 
Phot o m i c r o g r a p h : f i n e - g r a i n e d v o l c a n i c l a s t i c composed 
of rounded f r a g m e n t s of pyroxene and r o c k , C a l c i t e forms 
i n t e r s t i t i a l l y t o the c l a s t s (Sample 4054. PPL. F i e l d 
w i d t h = 4 mm.), 
P l a t e 12 
Ph o t o m i c r o g r a p h : U o l c o n i c l a s t i c / f i n e agglomerate 
composed o f ragged rock f r a g m e n t s and p l a g i o c l e s e c l a s t s 
(Sample 5101. F i e l d w i d t h = 4 mm,). 
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one mile SE of nt.Kelly (G.R. 689 429). Here, the f a b r i c of the 
rock i s exposed on weathered crags, and i t can be seen t h a t the 
agglomerate c o n s i s t s , almost t o t a l l y , of angular to s l i g h t l y 
rounded blocks of augite and plagioclase-phyric volcanics (Plate 13 ), 
V a r i a t i o n among these fragments i s evident on the basis of varying 
proportions of phenocrysts and d i f f e r e n t shades of weathering. 
I n t e r s t i t i a l t o the fragments, a small amount of tuffaceous 
matriK i s present. L o c a l l y i n t h i s outcrop a crude, steeply 
i n c l i n e d s t r a t i f i c a t i o n can be discerned. In f a c t , the agglomerates 
can be traced i n t o d i s t i n c t l y s t r a t i f i e d v a r i e t i e s over the efeistance 
of a few metres. Plate 13 shows such an outcrop i n the l o c a l i t y 
r e f e r r e d t o above, where a coarse agglomerate grades q u i t e sharply 
i n t o f i n e r , tuffaceous or v o l c a n i c l a s t i c layers showing an alignment 
of fragments. fluch of the succession on the ridge d i r e c t l y NE of 
nt.Kelly, i s s i m i l a r l y made up of a sequence of a l t e r n a t i n g 
agglomeratic and f i n e r v o l c a n i c l a s t i c beds from 1 to 5m, i n 
t h i c k n e s s , as i n d i c a t e d i n Fig,3.2. While some of t h i s coarser 
m a t e r i a l may have been deposited v e r t i c a l l y as explosive debris 
from nearby vents, some i s possibly deposited l a t e r a l l y i n the 
form of massive slumps or s l i d e s down an unstable, sub-aqueous, 
volcanic slope. 
Finer grained agglomerates, w i t h fragments on the order of 
a few centimetres, noticeably occurring i n K e l l y Creek (Plate U ) , 
were c l e a r l y emplaced by slumping, since the fragments are w e l l 
separated by a muddy, volcaniclastic/sedimentary matrix. These 
rocks could be termed lahars. 
As w i t h the f i n e r grained fragmentary rocks, d i s t i n c t l y 
reworked m a t e r i a l , derived from r a t h e r less mature volcanic 
agglomerates, i s common. These conglomeratic v a r i e t i e s show 
d i s t i n c t rounding of the fragments to form cobbles of up to 10 cm., 
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P l a t e 13 
V e r t i c a l l y bedded and graded agglomerate, composed 
p r i m a r i l y of angular to sub-rounded blocks of lava i n a 
g r i t t y u o l c a n i c l a s t i c or tuffaceous matrix. Sample 
l o c a l i t y 4051. 
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Plate 14 
Hand specimen of sample 5064B: Fine conglomerate 
composed of sub-rounded volcanic rock fragments i n a 
f i n e , muddy sedimentary matrix. 
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the alignment of which can define a crude bedding i n places, A 
good l o c a l i t y f o r such l i t h o l o g i e s i s Hall Creek, west of the 
H a l l Formation sediments (G.R. 778 704). In t h i s l o c a l i t y the 
conglomeratic u n i t s appear to be a t l e a s t 25m. t h i c k . Quite 
vigorous conditions of sedimentation are implied by these deposits, 
and again, slumping or s l i d i n g of the fragments, down an unstable 
slope, appears a p l a u s i b l e mechanism. 
Gradational w i t h agglomerates are l o c a l i s e d v a r i e t i e s 
resembling breccias. These, as would be expected, show a 
greater u n i f o r m i t y and a n g u l a r i t y of fragment type, less i n t e r n a l 
s t r u c t u r e , and are generally coarser. In one or two l o c a l i t i e s , 
f o r example, one mile l\IE of Mt.Kelly (G.R. 692 445), i t can be 
i n f e r r e d t h a t the breccia i s discordant r e l a t i v e to adjacent 
bedded sediments and thus may represent a vent i n f i l l i n g . I n 
other cases they are possibly brecciated f l o w s , some of which 
have muddy sediments forming a matrix. 
I n the l i t e r a t u r e ( M u l l i g a n , 1952; L i t t l e , 1960), many of 
the conglomerates and agglomerates r e f e r r e d to here are c a l l e d 
•flow breccias' or ' a u t o c l a s t i c ' f l o w s , t h i s view being based on 
the s i m i l a r i t y between matrix and fragments, and the rounding of 
the fragments, i n t e r p r e t e d on a r e s o r b t i o n phenomenon. However, 
these rocks are not apparent i n the abundance implied by the 
above papers, the brecciated f l o w s , r e f e r r e d to i n the previous 
paragraph, being r e l a t i v e l y scarce. This opinion i s based, as 
Fyles ( i n prepn.) also notes, on the absence, i n many agglomerates, 
of features usually associated w i t h flow-breccias or a u t o c l a s t i c 
f l o w s ; while c l a s t i c , d e t r i t a l textures are common. For example, 
while amygdaloidal fragments occur occasionally, the very v e s i c u l a r , 
blocky breccias found at the flow f r o n t or at the top and base of 
lava f l o w s , are not observed. Most fragments show evidence of 
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d e r i v a t i o n from the massive, c e n t r a l p o r t i o n of a p r e - e x i s t i n g 
flow and are randomly mixed i n w i t h vesicular fragments. I n a d d i t i o n , 
many of the agglomerates and conglomerates, as in d i c a t e d i n Fig.3.2, 
are bedded, or demonstrably associated w i t h f i n e r , bedded horizons. 
While i t i s also true t h a t compositionally the matrix i n these rocks 
i s s i m i l a r or i d e n t i c a l to the fragment types, i t i s commonly 
fragmentary, i n co n t r a s t w i t h the c l e a r l y c r y s t a l l i n e blocks or 
cobbles (Plate 15 ) . where metamorphism has str o n g l y affected 
the rocks t h i s d i s t i n c t i o n becomes b l u r r e d . 
Non-volcanic fragments w i t h i n the c l a s t i c rocks generally, 
are r a r e . Granite pebbles are observed i n f r e q u e n t l y i n the 
agglomerates and conglomerates, and also r a r e l y , shale and q u a r t z i t e 
fragments i n some of the f i n e r rocks. Near the town of Rossland, 
l a r g e limestone blocks are found i n agglomerates, these being 
derived from the underlying nt.Roberts Formation ( L i t t l e , 1960). 
Further east and n o r t h , where the volcanics o v e r l i e only s l i g h t l y 
older s i l t s , muds and greywackes, the absence of country-rock 
fragments i s probably due to t h e i r less cohesive nature, the 
sediments s u f f e r i n g t o t a l comminution during voleanic processes, 
and only c o n t r i b u t i n g i n d i v i d u a l grains to the p y r o c l a s t i c s and 
v o l c a n i c l a s t i c s . 
3;3:3 Lavas 
Lava flows are apparently r a r e , and the features associated 
w i t h t h e i r occurrence are i n d i s t i n c t . Also, i t i s believed t h a t 
many of the rocks previously i d e n t i f i e d as a u t o c l a s t i c flows by 
L i t t l e (1960), are d e t r i t a l agglomerates and conglomerates. 
However, outcrops occur, p a r t i c u l a r l y north of Ymir, where massive, 
non-fragmentary c r y s t a l l i n e rocks or brecciated flows are represented. 
For example, on the highway s i x to ten miles south of Nelson 
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Plate 15 
Photmicrograph: I n t e r f a c e between a large fragment 
i n an agglomerate and the fine,fragmentary matrix which 
includes pyroxene c l a s t s (Sample 4072D. P P L . F i e l d 
width = 4 mm.). 
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(G.R. 825 745; samples 5087, 5088) there are outcrops of massive 
amphibolised augite-phyric basalt (ankaramite), In places i t 
i s b r ecciated. Determinations of s t r u c t u r e i n these outcrops i s 
v i r t u a l l y impossible though, due to the f a i r l y severe shearing and 
high degree of metamorphism. Accompanying sediments and v o l c a n i c l a s t i c 
l a y e r s i n d i c a t e a steep d i p to the west ( F i g . l . l ) . I n another 
l o c a l i t y (G.R. 828 628; samples 4105A, 5516A) an abundance of 
v e s i c u l a r blocks i n a breccia was observed, possibly i n d i c a t i n g 
a flow boundary. 
I t i s possible t h a t some exposures g e n e r a l l y , of non-fragmentary 
and i n v a r i a b l y p o r p h y r i t i c volcanics are i n t r u s i v e . L i t t l e (1960) 
notes t h a t the augite porphyries 'appear to be mainly i n t r u s i v e ' , 
and Fyles ( i n prepn.) maps areas of augite porphyry as s i l l s , i n 
one l o c a l i t y up to 2,500 f e e t t h i c k . On the other hand, Fyles 
( o p . c i t ) nowhere i d e n t i f i e s lava flows. The problem^ i n t h i s 
regard, i s i n pa r t the lack of any continuous exposure whereby 
contact r e l a t i o n s of such occurrences can be c l a r i f i e d . 
P i l l o w lavas are reported to occur r a r e l y , by n c A l l i s t e r 
(1951), i n the Ymir map-area, but were not observed by the 
w r i t e r . I f there was extensive extrusion of lava i n the area, 
i t might be expected t h a t p i l l o w lavas would be commonplace i n 
view of the p r e v a i l i n g marine c o n d i t i o n s . 
As w i l l be shown i n Section 3:4 below, an apparent absence 
or s c a r c i t y of massive flows i s not uncommon i n the C o r d i l l e r a n 
volcanics,and has also been described i n the Ordovician Sofala 
volcanics of New South Wales by Barron (1976), 
A l l the volcanics, whether derived as fragments from flows, 
e x p l o s i v e l y or sed i m e n t a r i l y ; or occurring as i n s i t u flows or 
i n t r u s i o n s , are s t r o n g l y p o r p h y r i t i c , a feature e a s i l y seen i n hand 
specimen. On weathered surfaces, e s p e c i a l l y i n the higher-grade 
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metamorphosed area, augites are p a r t i c u l a r l y conspicuous, occurring 
as dark green, equant c r y s t a l s up to 1 cm., set i n a pale green, 
weathered groundmass. In the Eerie Creek (G.R. 760 510) area and 
near Dominion Mountain (G.R. 771 646), plagioclase i s e s p e c i a l l y 
conspicuous as white l a t h s up to 2 or 3 mm. i n l e n g t h , c o n t r a s t i n g 
w i t h a green groundmass. 
3;3;4 Minor I n t r u s i o n s 
Apart from the possibly i n t r u s i v e nature of some augite-phyric 
rocks, r e f e r r e d t o above, a few dyke-like i n t r u s i o n s have been 
observed c u t t i n g the sediments and volcanics a t a l l l e v e l s i n the 
succession (see F i g , 3.2), These intrusionSr often have d i s t i n c t , 
l u s t r o u s black needles or l a t h s of hornblende set in^a greenish-grey 
m a t r i x . I t i s possible they are r e l a t e d to the extensive lamprophyric 
dyke swarm of T e r t i a r y age, but these l a t t e r dykes are usually much 
fre s h e r and contain abundant b i o t i t e . They also form c l e a r - c u t 
l i t t l e - f r a c t u r e d , v e r t i c a l dykes, whereas the i n t r u s i o n s r e f e r r e d 
t o here are c l e a r l y more a l t e r e d and more st r o n g l y j o i n t e d or 
f r a c t u r e d , sharing features developed i n the country rock. For 
these reasons, i t seems l i k e l y t h a t these minor i n t r u s i o n s are 
r e l a t e d to the volcanic episode, though c l e a r l y s l i g h t l y l a t e r where 
they cut the youngest volcanics. 
3;3;5 Sedimentary rocks 
I n t e r c a l a t e d w i t h the volcanics are common sedimentary u n i t s . 
For example, i n the Nt.Kelly succession (Fi g , 3 . 2 ) , at l e a s t f i v e 
such u n i t s are observable, w i t h thicknesses up to two hundred f e e t . 
To the north of Salmo, sediments w i t h i n the volcanics are less 
common, though a very conspicuous black shale outcrops on the 
highway north of Ymir (G.R. 820 672). 
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The sediments are predominantly hard, grey to black s i l t s t o n e s 
and shales, w i t h less common paler and coarser greywacke bands. 
The shales are f i n e l y laminated on the scale of a few m i l l i m e t r e s , 
w i t h coarser horizon ranging from 1 to 50 cm. i n thickness. Graded 
bedding i s common i n coarse and f i n e f acies but, as was noted i n the 
Archibald sediments (Section 2:2:2), small-scale cross bedding, 
though i n evidence, i s much r a r e r a c h a r a c t e r i s t i c . 
Whilst the uniform laminations, bedding and f i n e g rain-size 
of the sediments g e n e r a l l y , i s i n d i c a t i v e of a d i s t a l and qui e t 
environment of d e p o s i t i o n , the more mixed sediments tend to show 
features i n d i c a t i v e of some disturbance. These take the form of 
pinch-and-swell bedding, small-scale f a u l t s and slump s t r u c t u r e s , 
and minor wash-outs or er o s i o n a l d i s c o n f o r m i t i e s . Also, pre-
diagenetic b r e c c i a t i o n of clayey bands was observed. These features 
could i n d i c a t e deposition on an unstable, sloping sea f l o o r ; 
i n s t a b i l i t y perhaps being t r i g g e r e d by contemporaneous s e i s m i c i t y 
or v o l c a n i c eruptions. 
Thin-section examination of some of the l e a s t metamorphosed 
sediments show them to contain abundant feld s p a r , some mafic c r y s t a l 
c l a s t s , c h l o r i t i s e d volcanic-rock fragments, and r e l a t i v e l y l i t t l e 
q u a r t z. (Plate 16 ) . 
3; 4 Discussion 
S i m i l a r assemblages of l i t h o l o g i e s , as described f o r the 
Rossland Uolcanics above, are c h a r a c t e r i s t i c of contemporaneous 
volcanic successions preserved elsewhere i n the Canadian C o r d i l l e r a , 
presumably under the same broad t e c t o n i c and sedimentological c o n t r o l s . 
I n the Takla Group of McConnell Creek, c e n t r a l B r i t i s h Columbia , 
i s a 10,000 f e e t - t h i c k assemblage of \iiell layered volcanic 
rocks of which t u f f s and agglomerates are by f a r the most abundant' 
Plate 16 
Photomicrograph: Graded band i n sediment, 
the abundance of angular f e l d s p a t h i c and rock fragments 
i n the coarse band, compared to a low abundance of 
quartz (Sample 5046, PPL. F i e l d width = 4 mm.). 
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(Lord, 1948). Fragments of a u g i t e , plagioclase and amphibole 
occur w i t h i n t h i s succession. In a d d i t i o n , Monger & Church (1977) 
note the abundance of augit e - p h y r i c breccias and the presence of 
massive v o l c a n i c l a s t i c s , i n d i s t i n g u i s h a b l e i n the f i e l d , i n places, 
from massive flows. 
The Takla volcanics of the Aiken Lake map-area s i m i l a r l y 
c o ntain abundant conglomerates and breccias (Roots, 1954). Roots 
( o p . c i t ) also makes the observation t h a t , despite c a r e f u l examination, 
contacts of flows could not be d e f i n i t e l y i d e n t i f i e d i n the more 
massive vo l c a n i c s , though he suggests flow thicknesses from 15 to 
300 f e e t . Within the Takla successions, at a l l l o c a l i t i e s , common 
marine sediments are reported, i n c l u d i n g some limestone pods. 
The o v e r l y i n g Hazelton Uolcanics, as w i l l be shown i n Section 
5:4:3, are less l i k e the Rossland volcanics i n terms of petrographic 
and chemical a f f i n i t i e s , compared t o the Takla Group, and t h i s also 
applies to some extent i n the l i t h o l o g i c a l sense. However, fragmentary 
m a t e r i a l of volcanic and sedimentary o r i g i n i s s t i l l abundant, though 
a frequent red or purple c o l o u r a t i o n i s i n d i c a t i v e of subaerial 
c o n d i t i o n s f o r p a r t of the time (Monger & Church, 1977). 
Lower Jurassic volcanics of the Bonaparte Lake and Quesnel 
Lake map-areas are almost t o t a l l y fragmentary i n nature, comprising 
nearly monolithologic volcanic sediments, conglomerates and breccias 
(Campbell & Tipper, 197; Campbell, 1960). 
Also w i t h i n the Bonaparte Lake area, the Nicola volcanics 
apparently contain no non-fragmentary flows (Campbell & Tipper, 1971). 
I n the Nicola Lake reg i o n , the same group, w h i l s t containing some 
reported f l o w s , i s predominantly a succession of t u f f s , breccias 
and v o l c a n i c l a s t i c s , w i t h a r g i l l i t e s and limestones (Schau, 1970). 
This abundance of fragmentary l i t h o l o g i c s , can be r e l a t e d 
d i r e c t l y to the palaeoenvironment preserved and exposed at present. 
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In discussing the Quesnel Trough volcanics, Campbell & Tipper. ( I 9 7 l ) 
suggest t h a t what i s preserved i s the c l a s t i c wedge b u i l t out from 
i s o l a t e d volcanic i s l a n d s . They also suggest t h a t to provide the 
vast amount of coarse c l a s t i c m a t e r i a l , volcanism was mainly explosive, 
and t h a t the p a r t i c u l a r l y coarse agglomerates represent the roots of 
volcanic e d i f i c e s . A l t e r n a t i v e l y , the more massive, coherent lava 
flows expected near a volcanic centre may have been eroded away. 
Possibly, u p l i f t along the Pinchi g e a n t i c l i n e was responsible f o r 
t h i s (Bee F i g . 2.1). Monger & Church (1977) see a s i m i l a r environment 
f o r the Takla volcanics f u r t h e r n o r t h , w i t h very t h i c k massive 
agglomerates and flows representing volcanic islands which shed 
debris i n t o the adjacent basins. 
Features, such as described, are what are envisaged as t y p i c a l 
of i s l a n d arc environments by, f o r example, M i t c h e l l & Reading ( l 9 7 l ) 
and Dickinson (1971). M i t c h e l l & Reading ( o p . c i t ) show tha t t h i c k 
sequences of v o l c a n i c l a s t i c m a t e r i a l , much of i t coarse, accumulate 
o f f both sides of an emerging and maturing arc. With distance from 
the arc, f i n e r grained t u r b i d i t e deposits occur. Exemplifying these 
c h a r a c t e r i s t i c s are the older, rocks of the New Hebrides arc i n the 
S.W. P a c i f i c . Here a Miocene succession of v o l c a n i c l a s t i c s , 
p y r o c l a s t i c s and immature t u r b i d i t e s reach several thousand metres 
i n thickness, and which accumulated, i n an e n t i r e l y marine environment, 
i n the space of 10 my. ( M i t c h e l l & Warden, 1971). This rapid r a t e 
of d e p o s i t i o n r e f l e c t s the i)undant supply of d e t r i t u s , as w e l l as a 
t e c t o n i c a l l y emerging source region. 
Conditions l i k e these are c l e a r l y s i m i l a r to those w i t h i n the 
Rossland area i n the Lower Jurassic. From early Sinemurian u n t i l 
the Bajocian, a period of 20 my., some 15 to 20 thousand f e e t of 
s t r a t a c o l l e c t e d i n the Rossland Trough, apparently being westerly-
derived. The axis of the arc , t h e r e f o r e , probably also'lay to 
the west, the volcanics being s i t u a t e d on the edge of a 'back-arc' 
sedimentary basin. Much of the m a t e r i a l , t h e r e f o r e , i n the 
volcanic succession, p a r t i c u l a r l y the f i n e r grained volcaniclastics 
and sediments, i s probably d e t r i t u s shed o f f of the east side of 
the main arc i n the form of slumps and t u r b i d i t i c deposits. In 
a d d i t i o n , much i s probably derived from i n i t i a l p y r o c l a s t i c deposits. 
Local volcanic i s l a n d s , the presence of which i s indicated by a few 
reported p l a n t remains and one coquina deposit (Frebold, 1959), also 
c o n t r i b u t e d much of the coarser d e b r i s . Possibly, the more massive, 
a u g i t e - p h y r i c agglomerates and flow s , noted i n the area between Ymir 
and Nelson, represent the l o c a t i o n of a l o c a l volcanic centre. 
The boundary of t h i s back-arc sedimentary basin or trough i s 
most probably represented by the 'Rossland Break' (Fyles, i n prepn; 
Section 2:2:2), where NE-SW trending f a u l t s and sheared s e r p e n t i n i t e s 
occur. 
Further discussion on the t e c t o n i c and palaeogeographic 
s e t t i n g of the volcanics i s deferred u n t i l the chemical evidence 
(chapter 6) i s considered. 
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CHAPTER 4 
ROSSLAND UDLCANICS; IGNEOUS-PETROGRAPHY AND MINERALOGY 
4:1 C l a s s i f i c a t i o n and general t e x t u r a l features 
The scheme to be followed i n t h i s chapter i s to f i r s t 
describe some general magmatic t e x t u r a l features of the rocks, 
p r i m a r i l y the volcanics, and define a preliminary c l a s s i f i c a t i o n 
system; then to deal more s p e c i f i c a l l y w i t h each mineral phase 
i n terms of i t s mode of occurrence and chemistry, 
4:1:1 Uolcanics 
The s t r o n g l y p o r p h y r i t i c nature of the volcanics has already 
been r e f e r r e d to i n Chapter 3. This i s a feature of i s l a n d - a r c / 
c a l c - a l k a l i n e magmatism, as i s the range of phenocrysts present. 
These are plag i o c l a s e , clinopyroxene, s p i n e l (Cr-spinel and T i -
magnetite), amphibole and very r a r e l y , b i o t i t e . O l i v i n e and 
possibly orthopyroxene were also o r i g i n a l l y present. Table 4.1 
shows some selected modal analyses of volcanics, where i t i s evident 
t h a t the percentage of phenocrysts averages about 40 to 50 per cent. 
Those samples i n Table 4,1 subscripted A, contain secondary 
amphibole as pseudomorphs, p r i m a r i l y a f t e r Ca-clinopyroxene, and are 
more thoroughly metamorphosed compared to those samples with fresh 
igneous pyroxene (Chapter 6 ) . For t h i s reason, estimation of the 
abundance of primary amphibole and primary opaque minerals i s not 
attempted f o r these samples. In the amphibolised samples (zone B, 
as defined i n Chapter 6 ) , primary amphibole i s only r a r e l y observed, 
and then only by i t s c h a r a c t e r i s t i c euhedral o u t l i n e s . Opaque-oxide 
minerals i n the amphibolised samples, where s t a b l e , are chemically 
a l t e r e d (Chapter 6) and qu i t e commonly they have disappeared as a 
r e s u l t of metamorphism. 
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TABLE 4.1 
MODAL ANALYSES DF SELECTED V/QLCANICS AND MINOR 
INTRUSIONS (SEE TEXT FOR DISCUSSION OF CLASSIFICATION) 
Non-amphibolised rocks 
Sample 5006 5013 5015 5016 5032 5033 5036 
Cpx. 23 21 5 26 7 - 20 
Plag. 25 38 26 23 41 46 24 
Amph. - - 18 - — 
Opaque 4 6 2 2 5(S) 4 
G-mass.''" 48 39 48 49 38 472 52 
^ 3 Type B B HA B A A B 
Sample 5041 5053 5054 5056 5102 5113 4051 4056 
Cpx. 18 18 27 14 14 5 17 14 
Plag. 12 28 26 15 23 13 19 31 
Amph, - - - 5 1 6 4 — 
Opaque 2 1 8 1 1 3 5 5 
G-mass 56 54 39 66 61 73 55 50 
Type B B B HB HB HA HB A 
Notes: 
1, 'Groundmass' includes i n some basalts possible o l i v i n e (<5%). 
2, 2% B i o t i t e i n sample 5033. 
3, Types are as defined i n t e x t ; 
4, Opqques are sulphides. 
B Basalt 
HB Amphibole-bearing basalt 
A Andesite 
HA AmpHibole-bearing andesite 
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TABLE 4 . 1 (Continued) 
Amphibolised rocks 
Sample 5 0 7 3 B 5 0 7 4 B 5085E 5 0 8 7 B 5 0 8 8 5 0 8 9 
Cpx. (A) 2 8 4 1 3 6 37 25 23 
Plag. ? ? - 9 1 0 2 8 
G-mass"'" 72 59 64 54 65 4 9 
^ 2 Type ?B ?AB AB AB B B 
Sample 5106A 5 1 0 8 5 1 1 1 A 5 1 1 6 5 1 2 0 4 0 0 7 
Cpx.(A) 5 1 4 55 3 1 23 1 2 
Plag. 3 1 1 0 - 2 7 20 3 4 
G-mass 63 7 6 4 5 4 0 57 54 
Type A B AB B B B/A 
Sample 4013A 4 0 1 6 4 1 0 9 B 5 5 3 6 5538A 5 5 1 6 B 
Cpx.(A) 32 2 5 - 36 4 2 4 3 
Plag. 6 1 6 4 0 1 3 4 -
G-mass 58 59 60 5 1 54 57 
Type AB B A AB AB AB 
Notes: 
1 . Groundmass includes indeterminant s p i n e l and o l i v i n e 
2 . Type AB = Ankaramitic basalt 
3. Samples 5073B, 5074B have l o s t r e l i c t plagioclase due to 
severe r e c r y s t a l l i z a t i o n , thus type i s to some extent 
indeterminant. 
Minor I n t r u s i o n s 
Sample 5001B 5010 5096 5107A 5107B 
Cpx. 25 19 17 16 8 
Plag. 20 26 14 10 13 
Amph. - .3 12 13 12 
'Opaque 4(S) 6(S) 2(S) 2(S) i ( s ) 
G-mass 51 43 54 62 67 
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The presence and abundance of o l i v i n e or orthopyroxene i s 
even more problematical, since these minerals are not stable (or 
r e l i c t ) i n any samples. The breakdown, with advancing a l t e r a t i o n , 
of o l i v i n e and orthopyroxene p r i o r to t h a t of clinopyroxene i s w e l l 
documented (e.g. Barron, 1976; Hynes, 1976; Uallance, 1974tr). I n 
the non-amphibolised rocks, the former presence of these minerals 
i s evidenced by patches of c h l o r i t e and carbonate, occasionally 
showing euhedral c o n t r o l (Plates 17, 181, Since the bulk of the 
volcanics are b a s a l t i c (Chapter 5 ) , most of these pseudomorphic 
aggregates, where they are not w e l l defined by c r y s t a l o u t l i n e s , are 
probably a f t e r o l i v i n e . Orthopyroxene does not occur as a s i g n i f i c a n t 
phenocryst u n t i l more s i l i c e o u s compositions, usually. For example, 
i n the Dominican c a l c - a l k a l i n e s u i t e at 54 per cent Si02, orthopyrosene 
phenocrysts are less than 2 per cent i n abundance ( W i l l s , 1974). 
Within the basic samples of the amphibolised zone, o l i v i n e i s even 
harder to detect, though again occasional, well-shaped pseudomorphs 
occur, usually of epidote, t e s t i f y i n g to i t s presence (Plate 19 ) . 
On the basis of Table 4.1, a preliminary c l a s s i f i c a t i o n f o r 
the volcanics can be proposed. In general, the abundance of 
clinopyroxene drops and t h a t of plagioclase increases with 
d i f f e r e n t i a t i o n , though t h i s i s not s t r i c t l y so, since the 
phenocryst population i n any magma, as w e l l as r e f l e c t i n g whole-
rock chemistry, depends on the c r y s t a l l i z a t i o n stage reached on 
e r u p t i o n . However, three main classes are proposed here, though 
the subject of c l a s s i f i c a t i o n w i l l be returned to i n Chapter 5, 
They are:-





Photomicrograph: C h l o r i t i s e d pseudomorph a f t e r 
o r i g i n a l o l i v i n e i n a non-amphibolised basalt. Elnck, 
rounded phase i n the top l e f t of the f i e l d of uiew i s an 
almost t o t a l l y o p a c i t i s e d amphibole phenocryst (Sample 
4051. XPo F i e l d width = 4 mm.). 
Plate le 
Photomicrograph; C a l c i t e ( w i t h minor c h l o r i t e ) 
pseudomorph a f t e r o l i v i n e i n non-amphibolised basalt. 
(Sample 407D, F i e l d width = 4 mm.). 
Plate 19 
Photomicrograph: Epidotic aggregate pseudomorphing 
o l i v i n e i n nmphibolised ankaramitic basalt. Also evident 
are amphibole pseudomorphs a f t e r pyroxene th a t show p a r t i a l 
i n t e r n a l breakdown to b i o t i t e . Note c a l c i t e vein cross-
c u t t i n g the crude schistose f a b r i c of the groundmgss (Sample 
5537A. XP. F i e l d width = 4 mm.). 
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( l ) Akaramitic Basalt 
Ankaramite i s a term usually reserved f o r basic volcanics 
of a l k a l i n e a f f i n i t y and usually occurring i n ocean-island, 
i n t r a p l a t e environments. I t i s defined, g e n e r a l l y , as a basic 
to u l t r a b a s i c rock i n which clinopyroxene i s modally abundant and 
i n excess of o l i v i n e , as opposed to p i c r i t e where the opposite i s 
t r u e . However, ankaramitic representatives are reported l o c a l l y 
i n the New Hebrides (Colley & Warden, 1974) and New B r i t a i n (Stanton 
& B e l l , 1969) i s l a n d - a r c s . They, are also reported i n the supposed 
arc volcanics of Bridget Cove, Alaska ( I r v i n e , 1973; Berg e t _ a l . , 
1972), and the Takla Group ( I r v i n e , 1974; Table 5.4 i n Chapter 5 ) . 
Since a l l the ankaramitic basalts of t h i s study f a l l w i t h i n 
the amphibolised zone, d e t a i l e d igneous petrographic d e s c r i p t i o n i s 
impossible. However, Plates 20 and 21 show some t y p i c a l rocks 
thus classed. Clinopyroxene (amphibole pseudomorphed) i s generally 
greater than 30 per cent i n modal abundance (Table 4.1) and 
p l a g i o c l a s e ranges from 0 to 10 per cent. O l i v i n e i s present as 
evidenced by occasional pseudomorphs (Plates 19 , 20 ) but i s 
c l e a r l y much less abundant than pyroxene. Within t h i s rock-type, 
clinopyroxene a t t a i n s i t s greatest diameter.of up to 1 cm, whereas 
p l a g i o c l a s e , by comparison, i s a microphenolcryst occurring as 
l a t h s of less than 2 mm. Evidence of primary amphibole i s observed 
i n none of the ankaramitic samples. 
The groundmass of the ankaramitic basalts i s completely 
r e c r y s t a l l i z e d , but the more basic nature of the l i q u i d s they must 
once have represented i s t e n t a t i v e l y i n d i c a t e d by the low abundance 
of f e l d s p a r r e l a t i v e to a c t i n o l i t i c hornblende now present. Thus, 
although these rocks may be produced by c r y s t a l s e t t l i n g of pyroxene 
i n t o normal b a s a l t i c l i q u i d , i t i s not thought t h a t t h i s can explain 
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Plate 20 
Photomicrograph: Amphibolised ankaramitic basalt with 
a c t i n o l i t e (pseudomorphing pyroxenes) showing p a r t i a l 
breakdown to epidote and b i o t i t e . Epidote aggregate ( l e f t 
c e ntre) possibly a f t e r o l i v i n e (Sample 5516B, XP. F i e l d 
width = 4 mm.). 
Plate 21 
Photomicrograph: Amphibolised ankaramitic basalt. 
A c t i n o l i t e pseudomorphs showing breakdown to epidote + 
b i o t i t e , as i n Plate 20. (Sample 5111A. XP. F i e l d 
width = 4 mm.)* 
t h e i r presence t o t a l l y : b a s a l t i c rocks, as defined below, t h a t 
are s i m i l a r l y metamorphosed, show i n the groundmass a greater 
abundance of feldspar r e l a t i v e to secondary amphibole. 
In a d d i t i o n to pyroxene, plagioclase and o l i v i n e as 
phenocrysts, some samples (Plate 20 ) show evidence of the 
presence of primary opaque-oxide phenocrysts, often included i n 
pyroxene. 
(2) Basalt 
. Basalts are defined here as those samples containing 15 to 
30 per cent clinopyroxene and 10-30 per cent plagioclase. In 
a d d i t i o n , clinopyroxene/plagioclase r a t i o s vary from 0.5 to 1.5. 
Rocks, according to t h i s d e f i n i t i o n , occur throughout the 
area underlain by the volcanics ( F i g . l . l ) . From the fresher 
samples i t i s evident t h a t a l l the pyroxene i s augit e , there being 
no evidence of Ca-poor clinopyroxene and l i t t l e of p b r p h y r i t i c 
orthopyroxene. Typical basalts are shown i n Plates 22 and 23 • 
Generally, the pyroxene phenocrysts are smaller than those i n the 
ankaramites, ranging up to 0.5 cm. Corresponding w i t h an increase 
i n modal abundance, plagioclase increases i n s i z e , forming l a t h s of 
up to 5 mm; but i s usually less than 2 mm. 
O l i v i n e i s apparently a p o r p h y r i t i c phase as evidenced by 
c h l o r i t e - c a l c i t e pseudomorphs ( c f . Plate 18 ) , though there i s no 
evidence of i t being present i n abundances greater than 5 per cent. 
Oxide minerals ( C r - s p i n e l and Ti-magnetite) are q u i t e 
abundant, as shown i n Table 4.1, ranging up to 8 per cent. They 
are commonly included w i t h i n pyroxene (Plate 23 ) but also occur 




Photomicrograph: Amphibolised clinopyroxene and 
Plagioclase-phyric b a s a l t . Vesicle (lower r i g h t ) 
contains quartz and epidote. (Sample 4045. XP. 
F i e l d width = 4 mm.). 
Plate 23 
Photomicrograph. Non-amphibolised basalt w i t h s i n g l e , 
well-developed euhedra of augite and a l t e r e d plagioclase. 
Note the very f i n e groundmass, now c h l o r i t i s e d e xtensively. 
(Sample 5016. BP. F i e l d width = 8 mm.). 
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Within rocks of b a s a l t i c a f f i n i t y , as defined here, primary 
amphibole makes an appearance. Plates 24 and 25 i l l u s t r a t e 
amphibole-bearing b a s a l t s ; the amphibole occurring as 'opacitised', 
elongate and o f t e n resorbed phenocrysts of up to 3 or 4 mm, i n length. 
Amphibole i s apparently less than 5 per cent i n abundance i n the 
b a s a l t s . 
The groundmass of these rocks i s generally very fine-grained and 
i n v a r i a b l y a l t e r e d t o t u r b i d aggregates of c h l o r i t i c minerals and some-
times brownish clay minerals (Plates 23, 24), I t was c l e a r l y glassy 
i n some samples. Where i t i s coarser, i t apparently consists of the 
same phases that occur as phenocrysts; the pyroxene occurring as ragged 
granules or l a t h s w i t | i i n t e r s t i t i a l p lagioclase. A l t e r n a t i v e l y , 
p l a g i o c l a s e m i c r o l i t e s occur i n a glassy (now c h l o r i t i c ) groundmass, i n 
which pyroxene cannot be distinguished. Small patches of quartz occur 
i n a few samples. 
The order of c r y s t a l l i z a t i o n i n these rocks can be broadly 
determined. Amphibole commonly shows i n c l u s i o n s of both plagioclase 
and pyroxene (Plate 26), whereas only one instance i s recorded of amphibole 
being included i n pyroxene. Clinopyroxene occasionally includes, 
p o i k i l i t i c a l l y , plagioclase (Plate 23), though r a r e l y i s the opposite 
t r u e . This may, i n p a r t , be a nucleation problem, since on the basis 
etaX. 
of the entropy of f u s i o n (Carmichael, 1974), pyroxene tends to grow 
r a p i d l y but nucleates w i t h d i f f i c u l t y compared to plagioclase, i n which 
the opposite tends to be t r u e . I t i s l i k e l y t h a t clinopyroxene and 
p l a g i o c l a s e c o p r e c i p i t a t e d f o r much of the time, but on the basis of the 
chemistry and phase r e l a t i o n s (Chapter 5 ) , pyroxene was probably the 
e a r l i e r mineral to p r e c i p i t a t e , at l e a s t i n the more basic v a r i e t i e s . 
The common i n c l u s i o n of Ti-magnetite and Cr-spinel i n pyroxene indicates 
t h a t these are e a r l y phases. A generalised c r y s t a l l i z a t i o n sequence 
would be: Spinel-(Ti-magnetite and Cr-spinel)-pyroxene -
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Plate 24 
Photomicrograph: Amphibole-bearing basalt showing 
amphibole w i t h t h i c k opacite rim and several buried opacite 
zones. nicrophenocrysts of plagioclase a l t e r e d to 
s e r i c i t e . (Sample 4051. XP. F i e l d width = 4 mm.). 
Plate 25 
Photomicrograph: Amphibole-bearing basalt. 
Amphibole shows euhedral o u t l i n e but strong development 
of an opacite r i m . Pyroxene (lower centre) has an 
i n c l u s i o n of o l i v i n e or l i q u i d t h a t has subsequently 
a l t e r e d to c h l o r i t e . (Sample 5056. PPL. F i e l d 
width = 4 mm.). 
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Plate 26 
Photomicrograph: Amphibole phenocryst i n a basalt 
showing p o i k i l i t i c i n c l u s i o n s of clinopyroxene and 
s e r i c i t i s e d plagioclase (Sample 4051. XP, 
width = 2 mm.). 
plagioclasB - amphibole. Also commonly included i n pyroxene are 
globular-shaped, c h l o r i t i c aggregates. (Plate 25), These may 
represent primary o l i v i n e or o r i g i n a l trapped pockets of 
c r y s t a l l i z e d l i q u i d , 
(3) Andesite 
This group i s defined by modal clinopyroxene abundances, again 
a l l a u g i t i c , of less than 15 per cent and plagioclase abundances of 
greater than 30 per cent. Plates 27 and 28 i l l u s t r a t e a n d e s i t i c 
v a r i e t i e s and show t h e i r densely p o r p h y r i t i c nature. Within t h i s 
group, as pyrosene phenocrysts decrease i n abundance, t h e i r size 
correspondingly decreases r e l a t i v e to plagioclase (compare Plates 24 
and 28), i n d i c a t i n g a change from pyroxene being the f i r s t - c r y s t a l l i z i n g 
phase to plagioclase. 
A c h a r a c t e r i s t i c of these rocks, due to the high abundance of 
p l a g i o c l a s e , i s the tendency to develop a t r a c h y t i c texture ( c f . 
Plate 2 7 ) , 
Amphibole phenocrysts are present i n some and e s i t i c representatives 
(Table 4,1), possibly i n greater average abundance compared to amphibole 
b a s a l t s . In one sample (5113), these phenocrysts reach 0.8 OP. i n 
l e n g t h , though an average length f o r the amphibole prisms i n other 
samples i s about 2 mm, 
Ti-magnetite phenocrysts are common, occurring, as i n the basalts, 
as sub-rounded c r y s t a l s included i n pyroxene or amphibole and 
independently i n the groundmass. Olivine pseudomorphs, on the 
other hand, are absent and possibly orthopyroxene makes an appearance 
i n the form of rare r e c t a n g u l a r , c h l o r i t i c pseudomorphs. 
One phenocryst species not observed i n any b a s a l t i c samples, and 
observed i n only one andesite (5033), i s b i o t i t e . This mineral i s 




Photomicrograph; Andesite showing a s t r o n g l y 
plagioclase—phjttic nature w i t h flow alignment of the 
plagioclase l a t h s evident. Also evident are small 
b i o t i t e phenocrysts (centre) and c h l o r i t i c patches 
probably a f t e r pyroxene (?opx). (Sample 5033. XP. 
F i e l d width = 8 mm.), 
f0.j.vV . - . • ^ •.^*• 
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Plate 28 
Photomicrograph: Andesite c o n s i s t i n g p r i n c i p a l l y 
of plagioclase and augite phenocrysts (Sample 4056. XP, 
F i e l d width = 8 mm.). 
A p a t i t e i s another mineral t h a t apparently occurs i n andesitic 
r a t h e r than b a s a l t i c rocks, often occurring as rounded to well-formed 
hexagonal prisms. These are f r e q u e n t l y included i n pyroxene ( i f 
p r e s e n t ) , sometimes associated w i t h opaque minerals or occurring 
independently. Apatites are evident i n Plate 29 , included i n 
pyroxene. 
The order of c r y s t a l l i z a t i o n i n the an d e s i t i c samples, as 
i n d i c a t e d by i n c l u s i o n r e l a t i o n s h i p s , i s broadly s i m i l a r to the 
ba s a l t s ; amphibole, i n p a r t i c u l a r , c r y s t a l l i z i n g l a s t . I t was 
preceded by pyroxene or pl a g i o c l a s e , which again c o - p r e c i p i t a t e d 
f o r some of the time. As noted above, plagioclase probably 
c r y s t a l l i s e d f i r s t i n the most f e l d s p a t h i c rocks. Since both magnetite 
s p i n e l and a p a t i t e occur as i n c l u s i o n s i n pyroxene, and occasionally 
i n p l a g i o c l a s e , these were the e a r l i e s t phases to p r e c i p i t a t e , 
a l b e i t i n small amounts. 
4:1:2 Associated rocks 
Under t h i s heading are included other igneous rocks believed U havt btun 
magmatically associated w i t h the volcanic episode. These include 
various amphibole-bearing minor i n t r u s i o n s and d o l e r i t i c rocks, the 
pyroxenite and gabbroic rocks of the Bennington Complex (Section 2:2:2) 
and, p o s s i b l y , the s e r p e n t i n i t e body near Rossland (Section 2:2:2). 
(1) r^inor i n t r u s i o n s . A few modal analyses of dyke-like minor 
i n t r u s i o n s (Appendix 1 f o r l o c a t i o n s ) are included under Table 4.1. 
A c h a r a c t e r i s t i c i s the more abundant amphibole compared to the volcanic 
samples. I l l u s t r a t i o n s of samples 5010, 5107A and 5D01B are shown 
i n Plates 30 , 31 and 32 . 
Generally, these rocks are s i m i l a r to the volcanics i n being 
d i s t i n c t l y p o r p h y r i t i c though, as might be expected, the groundmass 
i s u s u a l l y s l i g h t l y coarser. 
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Plate 29 
Photomicrograph: Rounded a p a t i t e c r y s t a l s included 
i n clinopyroxene i n an andesite. (Sample 5034. XP, 
F i e l d width = 4 mm,). 
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Plate 30 
Photomicrograph: Large sector-zined clinopyroxene i n 
b a s a l t i c , amphibole-bearing minor i n t r u s i o n . Also evident 
i s an amphibole phenocryst w i t h p a r t i a l i n c l u s i o n of 
clinopyroxene and a l t e r e d plagioclase, Uesicles contain 
prehnite and c h l o r i t e (Sample 5010. XP, F i e l d width = 4 mm.), 
P l ^ t e 31 
Photomicrograph: Amphibole-bearing minor i n t r u s i o n 
t h a t cuts Archibald sediments. Contains well-formed 
amphibole phenocrysts: cliropyroxene showing a l t e r a t i o n , 
marginally and i n f r a c t u r e s , to c h l o r i t e ; and a l t e r e d 
plagioclase phenocrysts. (Sample 5107A. PPL. F i e l d 
width = 4 mm.), 
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Plate 32 
Photomicrograph: Fractured clinopyroxene phenocrysts 
i n non-amphibole-bearing dyke. Note patches of c h l o r i t e 
( a f t e r ? v e s i c l e s ) w i t h overgrowths of c a l c i t e and epidote 
( r i g h t centte) (Sample 50D1B. XP. F i e l d width = 4 mm.). 
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Differences, excepting those of phenocryst content, are 
mainly i n the degree of a l t e r a t i o n ; the plagioclases and pyroxenes 
are i n v a r i a b l y considerably more a l t e r e d to low-grade c h l o r i t i c and 
clay minerals, and secondary sulphides are more apparent replacing 
primary opaques, as i n d i c a t e d i n Table 4.1. 
Apat i t e i s a common accessory. 
Samples 5031 and 5119 are d o l e r i t i c i n t r u s i o n s (Appendix 1 
f o r l o c a t i o n s ) w i t h i n the uolcanics, and judging by t h e i r s i m i l a r 
degrees of metamorphism to the surrounding uolcanics, were emplaced 
soon a f t e r , or during the volcanic episode. Plates 33 and 34 
show these two samples, and i t i s evident they are broadly s i m i l a r , 
both being composed of about 65 per cent i n t e r l o c k i n g plagioclase 
l a t h s of about 2 mm. i n g r a i n - s i z e , with ragged amphibole and b i o t i t e 
pseudomorphic aggregates developed a f t e r pyroxene. Sample 5119 
(Plate 34 ) i s also extensively epidotised. 
(2) Bennington Complex. An example of Mulligan's (1952) 'pyroxene-
h o r n b l e n d e - b i o t i t e ' rock i s shown i n Plate 35 . I t i s composed 
predominantly of about 80 per cent marginally amphibolised, 
equidimensional augite of .0.25 to 1 cm. i n diameter. The remainder 
i s taken up with ragged magnetite grains of 1-2 mm. and b l u r r y , f i n e l y 
shredded a c t i n o l i t e and c a l c i t e patches t h a t may be a f t e r o l i v i n e . 
B i o t i t e (secondary) i s only l o c a l l y developed i n t h i s rock 
(Chapter 6 ) . 
Although g r a i n - t o - g r a i n contacts are not preserved i n t h i s 
rock, due to the growth of • a c t i n o l i t e , the general texture i s 
suggestive of a c l i n o p y r o x e n i t e cumulate, derived by settling of 
augite from Rossland b a s a l t i c or ankaramitic magmas. 
The adjacent 'pseudodiorite' (Plate 36 ) i s not d i o r i t i c , but 
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Plate 33 
Photomicrograph: D o l e r i t i c minor i n t r u s i o n , PJote 
extensive a l t e r a t i o n t o amphibole and b i o t i t e (Sample 




Photoiiiicrograph: D o l e r i t i c minor i n t r u s i o n . In 
a d d i t i o n to extensive amphibolization, epidote i s 
abundant, o f t e n forming p o i k i l o b l a s t i c i n c l u s i o n s i n 
felds p a r (Sample 511^'. XP. F i e l d width = 4 mm.). 
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Platens 
Photomicrographs Clinopyroxenite cumulate.. Contains 
r a t h e r dusty r e l i c t pyroxene a l t e r e d marginally t o a c t i n o l i t e / 
tremolitBc Finely shredded t r e m o l i t i c patches (lower r i g h t ) 
may be a f t e r o l i v i n e o Also present are ragged, sometiiiies 
lobatBj magnetite c r y s t a l s (Sample 5075Ao XPo F i e l d width 
s 4 mmc). 
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Plate 36 
Photomicrographs: D o l e r i t i c rock (pseudodiorite) 
c o n s i s t i n g of hornblende (amphibolised clinopyroxene) and 
f i n e granular epidote ( r e p l a c i n g plagioclase and probably 
o l i v i n e ) . A p atite i s also apparent. (Sample 7413: 
(A) - PPL; (B) - XP. F i e l d width = 4 mm.). 
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l i k e the d o l e r i t i c roctedescribed above, i s basic i n composition 
(see Chapter 5 ) . I t i s composed of about 50 per cent hornblende 
and b i o t i t e developed a f t e r pyroxene, and 50 per cent of f i n e , 
granular epidote, p a r t l y a f t e r plagioclase but also, probably, 
a f t e r o r i g i n a l o l i v i n e (Plate 36 ) , This i s i n view of the low 
SiO^ content of t h i s rock (sample 74B, Appendix 2 ) . 
(3) S e r p e n t i n i t e . Thin sections examined (5132, 5133), and a b r i e f 
d e s c r i p t i o n ( L i t t l e , 1960) of the u l t r a b a s i c bodies near Rossland, 
show them to be almost t o t a l l y a l t e r e d to s t r i n g y aggregates of 
a n t i g o r i t e , w i t h some minor t a l c and carbonate. R e l i c t o l i v i n e i s 
occasi o n a l l y apparent w i t h i n a network of serpentine veins. Blurred, 
lobate patches of brown serpentine may be a f t e r pyroxene. Also 
apparent are sporadic c r y s t a l s of chrome s p i n e l forming ragged 
grains of about 0.5 mm. or le s s . 
The o r i g i n of these rocks i s not c e r t a i n , but most probably 
they represent Tocean c r u s t cumulates ( o l i v i n e . . + Cr-spinel + ? 
pyroxene) t h a t were emplaced t e c t o n i c a l l y along the 'Rossland Break'. 
4;2 Clinopyroxene 
Rode of occurrence. From the preceding discussion, i t i s evident 
t h a t clinopyroxene i s an almost ubiquitous phenocryst i n the 
vo l c a n i c s , absent only i n the- more evolved of the andesites. As 
a phenocryst i t occurs i n various h a b i t s . A common occurrence i s 
as s i n g l e , sometimes sub-rounded, euhedra up to 1 cm. i n diameter 
(Plates 22 , 23 ) , though an average size i s nearer 0,25 cfii. 
C lusters of several euhedra are also common, e x h i b i t i n g w e l l -
developed c r y s t a l faces e x t e r n a l l y , with more i r r e g u l a r i n t e r n a l 
c ontacts. This, together w i t h the termination of o s c i l l a t o r y zones 
by the i n t e r n a l contacts, i n d i c a t e s post-aggregation growth (Plate 3? ), 
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A f u r t h e r development i n habit i s the occurrence of glomeroporphyritic 
c l u s t e r s of pyroxene, as shown i n Plate 38 . In these c l u s t e r s , the 
i n d i v i d u a l c r y s t a l s tend to be more rounded and i t seems l i k e l y that 
they o r i g i n a t e d by accumulation during cp y s t a l s e t t l i n g . They 
e x h i b i t features resembling adcumulate growth, and trapped pockets 
of magma are i n d i c a t e d by i n t e r s t i t i a l c h l o r i t i c patches. 
As a groundmass phase, clinopyroxene occurs as small granules 
or r a t h e r ragged prisms, though, as noted i n Section 4:1:1, the 
groundmass i s h i g h l y a l t e r e d . 
In colour the pyroxenes.vary from very pale-green or straw, 
to c o l o u r l e s s . Occasionally, i n plane-polarised l i g h t , zoning i s 
v i s i b l e , w i t h more coloured rims surrounding a colourless caare. In 
cross-polarised l i g h t many grains show f a i n t to quite d i s t i n c t 
o s c i l l a t o r y zoning, sometimes throughout the c r y s t a l but otherwise 
r e s t r i c t e d to the outer part (Plates 37 , 39 ) . This l a t t e r 
f e a t u r e i s also observed, i n s i m i l a r rocks, by Arculus (1974) and 
Barron (1976). Also evident i n a number of cases i s f a i n t sector 
zoning (Plates 30 , 40 ) . 
M u l t i p l e and simple twinning p a r a l l e l to {lOO} i s a common 
f e a t u r e . 
Pyroxene phenocrysts i n the minor i n t r u s i o n s are, as was 
observed above, generally less w e l l formed (except sample 5010, 
Plate 30 ) . This i s due, p r i m a r i l y , to more extensive a l t e r a t i o n 
marginally and i n t e r n a l l y along f r a c t u r e s and cleavage planes. 
Chemistry. Chemical analyses of pyroxene, and a l l subsequently 
described minerals, were c a r r i e d out by e l e c t r o n microprobe, the 
operating conditions and methods of which are d e t a i l e d i n Appendix 3. 
Appendix 3 also contains t a b u l a t i o n s of the data discussed i n t h i s 
Chapter and Chapter 6. 
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Plate 37 
Photomicrograph: Euhedral pyroxene c l u s t e r i n a 
bas a l t . Note the termi n a t i o n of o s c i l l a t o r y zones by 
i n t e r n a l contacts. (Sample 4070. F i e l d width = 4 mm.), 
Plate 38 
Photomicrographs: Glomeroporphyritic pyroxene c l u s t e r s 
i n a b a s a l t . In p a r t i c u l a r , note i n ( B ) trapped 
l i q u i d , now c h l o r i t i s e d , between pyroxene c r y s t a l s . Also 
observe c a l c i t i s e d pyroxene i n ( B ) , (Sample 6041, 
XP. F i e l d width = 4 nrm. i n both ( A ) and ( B ) . 
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Plate 39 
Photomicrograph: Augite phenocryst i n basalt, 
showing good euhedral form. Note crenulated 
i n t e r f a c e where two c r y s t a l s have intergrown and 
which transects f a i n t o s c i l l a t o r y zoning (Sample 
5012, XP. F i e l d width = 4 mm.). 
Plate 40 
Photomicrograph: Sector-zoned clinopyroxene i n a 
b a s a l t . (Sample 5036. F i e l d width = 4 mm.). 
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A l l the pyroxenes analysed were phenocrysts or microphenocrysts, 
groundmass pyroxene being too small f o r a n a l y s i s . The analyses are 
p l o t t e d i n Fig.4.1, the convention^pyroxene q u a d r i l a t e r a l , from which 
i t can be stated t h a t a l l are classed as a u g i t e , s a l i t e or diopside, 
as defined by Deer et a l . (1962). Included i n the data p l o t t e d are 
analyses of the r e l i c t pyroxenes from the clinopyroxenife body and 
pyroxenes from a few minor i n t r u s i o n s . I t i s evident t h a t there are 
no systematic d i f f e r e n c e s between these and the volcanic pyroxenes 
(see also Fig.4.2), 
P a r t i c u l a r l y evident i n Fig.4.1 i s the f a c t t h a t the analyses 
occupy a r e s t r i c t e d f i e l d , showing l i m i t e d iron-enrichment compared 
to w e l l known t h o l e i i t i c trends, such as the Skaergaard (Wager & 
Brown, 1967) or Thingmuli (Carmichael, 1967a). This i s also tru e 
w i t h respect to the m i l d l y a l k a l i c , Shiant I s l e s pyroxene trend (Gibb, 
1973). This r e s t r i c t e d range, w h i l s t i n p a r t r e f l e c t i n g a l i m i t e d 
range of whole-rock compositions, i s also c h a r a c t e r i s t i c of c a l c -
a l k a l i n e s u i t e s t h a t e x h i b i t a lack of absolute iron-enrichment, 
(see e.g. Fodor, 1971; Smith & Carmichael, 1968). That i s , both 
FeO and mgO f a l l w i t h d i f f e r e n t i a t i o n i n such a s u i t e , i n contrast to 
the w e l l known Skaergaard t r e n d , where, i n i t i a l l y , FeO increases with 
d i f f e r e n t i a t i o n ; and the pyroxenes r e f l e c t t h i s . 
V a r i a t i o n of other components i n r e l a t i o n to Mg-number (100 x 
Mg/ (ng + Fe) atomic ^ ) , a measure of d i f f e r e n t i a t i o n or temperature 
dependence, i s shown i n Fig.4.2. This p l o t shows t h a t A l , Ti and Na 
a l l increase w i t h decreasing ng-number. Ca appears to go through a 
minimum a t a Pig-number of about 75. This, however, i s probably an 
a r t e f a c t of sampling, since zoning i n i n d i v i d u a l c r y s t a l s show 
continuous Ca d e p l e t i o n ( s o l i d l i n e s i n Fig.4.2). The spread i n 
Uo content, t h e r e f o r e , most probably r e f l e c t s v ariable a c t i v i t i e s of 
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Figure 4.1 
Part of the pyroxene q u a d r i l a t e r a l ( d i o p s i d e -
h e d e n b e r g i t e - e n s t a t i t e - f e r r o s l l i t e ) showing 
d i s t r i b u t i o n of analysed pyroxenes and amphiboles, 
plus t i e - l i n e r e l a t i o n s h i p s f o r average c o e x i s t i n g 
p a i r s . Skaergaard (SK) and Shiant I s l e s ( S l ) 




Uari.ation of Na, A l , Ca and T i w i t h Mg-number i n 
a l l Rossland volcanic pyroxenes. Sol i d l i n e s 
j o i n analysed cores and margins of phenocrysts, 
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{* Pyroxenes from clinopyroxenite) 
Ca, Mg and Fe i n the host magmas, as w e l l as v a r i a b l e external 
parameters, such as P (Helz, 1973). U a r i a t i o n of pyroxene Uo 
"2° 
content from sample to sample i n a s u i t e of rocks i s evident i n the 
data of Lowder (1970) and Smith & Carmichael (196S). 
Zoning from core to r i m , though o s c i l l a t o r y , i s o v e r a l l normal 
and p a r a l l e l s the o v e r a l l trends sshown i n Fig . 4,2, U a r i a t i o n 
w i t h i n one t h i n section can cover almost the whole range of 
composition (e.g. sample CP57, Appendix 3 ) , though i t i s usually 
l e s s . As a r e s u l t , i t i s found t h a t c o r r e l a t i o n of ng-number 
between whole-rock and pyroxene i s very low. 
I n one or two cases i t was observed t h a t normally zoned 
c r y s t a l s are bordered by a d i s t i n c t rim of colourless pyroxene 
some 5-10^ i n wi d t h . Analyses CP403A and CP403B (Appendix 3) 
are of such a rim and the adjacent part of the main c r y s t a l , 
r e s p e c t i v e l y . The rim i s low i n A l , T i , l\la and Fe, and r i c h i n 
Ca, Si and Mg and i s one of the most basic compositions found. 
These rims may represent, a quench growth s i m i l a r to those produced 
i n r a p i d l y c h i l l e d experimental charges (Cawthorn et a l . . 1973). 
A l t e r n a t i v e l y , i t may represent a new phase of growth due to the 
pyroxene being incorporated i n a new batch of basic magma. 
The chemical v a r i a t i o n s observed are governed by various 
coupled, or s i n g l e , charge-conserving s u b s t i t u t i o n r e a c t i o n s . Most 
obvious i s the simple s u b s t i t u t i o n ; 
m'^^ re^ -^  
F i g . 4.3 shows Si p l o t t e d against Al and i n d i c a t e s , as a l l analyses 
f a l l above the Si + Al = 2 l i n e , Al i s being incorporated i n excess 
of t h a t needed to f i l l the t e t r a h e d r a l s i t e . This e f f e c t i s governed 
p r i m a r i l y by s u b s t i t u t i o n of Ca-Tschermak's molecule: 
(Pig, Fe) Si A l " ^ A l ^ " 
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Figure 4.3 
Al versus Si (on basis of 6 oxygen) f o r a l l 
analysed pyroxenes „ 
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since the high A l / T i r a t i o s (about 10) f o r frie pyroxenes preclude 
extensive i n c o r p o r a t i o n of the molecule Ca TiAl2Qg (Yagi & Onuma, 
1967). S i m i l a r l y , small amounts of the acmite (Na Fe^ "*" 5i20g) or 
j a d e i t e (i\la Al S i ^ Og) molecules are i n d i c a t e d by v i r t u e of low 
Na/Si r a t i o s (about 0,2). Thus, the decrease of Ca below 1 atom 
per formula u n i t , as shown by F i g . 4,2, i s not compensated f o r by 
(\la; r a t h e r , the negative c o r r e l a t i o n between Ca and Mg-number 
im p l i e s Fe^ "*" i s p r e f e r e n t i a l l y incorporated i n the n2 s i t e compared 
to ng. 
Discussion 
Since one of the aims of t h i s thesis i s to characterize the 
Rossland volcanics i n terms of magmatic a f f i n i t y , some a t t e n t i o n 
w i l l be paid t o use of clinopyroxene chemistry i n t h i s respect. 
Various schemes e x i s t r e l a t i n g pyroxene chemistry to t h a t of 
the host magma, f o r example Kushiro (1960 , Le Bas (1962) and 
Coombs (1963), Within the pyroxene q u a d r i l a t e r a l , t h o l e i i t i c 
a ugite trends show strong iron-enrichment and generally low Ca/ 
(Ca + Fe + ng) r a t i o s . This l a t t e r feature;is p a r t i c u l a r l y noticeable 
i n groundmass pyroxenes of t h o l e i i t i c magmas, and compositions can 
p l o t w i t h i n the m i s c i b i l i t y gap between Ca-rich and Ca-poor 
pyroxenes, representing m e t a s t a b i l i t y (Carmichael et a l , , 1974), 
Strongly a l k a l i c augite trends, by c o n t r a s t , show compositions 
tending towards Ca/(Ca + Fe + ng) r a t i o s of greater than 50 per cent, 
and w i t h a f r a c t i o n a t i o n trend towards acmite rather than hedenbergite. 
M i l d l y a l k a l i c trends, f o r example the Shiant I s l e s ( F i g , 4 , 1 ) , l i e i n 
between. Differences such as these are also observable w i t h i n a 
s i n g l e magmatic environment, as Fodor et a l , (1975) have demonstrated 
f o r H i w a i i , The subdivisions shown i n Fig,4,4 are a f t e r Le Bas (1962), 
where i t can be seen t h a t the Rossland analyses are mainly ' a l k a l i c ' . 
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Figure 4 o 4 
Comparative diagram f o r clinopyroxenes from various 
i s l a n d - a r c s u i t e s (see t e x t ) o 
Fields 1 , 2 and 3 are the s u b - a l k a l i n e , a l k a l i n e 
and p e r a l k a l i n e f i e l d s , r e s p e c t i v e l y , as defined by 
LB Bas ( l 9 6 2 ) o 
Source of data:-
Grenada - Arculus ( 1 9 7 3 ) 
Sofala - Barron ( 1 9 7 6 ) 
Dominica - W i l l s ( 1 9 7 4 ) 
( 1 9 7 3 ) Tonga - EWart et a l . 
Kanaga - De Long et a l . ( 1 9 7 5 ) 
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However, w h i l s t these features are generally t r u e , they do 
not hold u n i v e r s a l l y and considerable overlap can occur. This i s 
e s p e c i a l l y so where calc-alkaline rocks are considered. The 
associations of Dominica ( W i l l s , 1974) and Kanaga (De long et a l . , 
1975) also p l o t i n Le Bas' a l k a l i n e f i e l d ( F i g . 4.4), whilst the 
coexistence of orthopyroxene w i t h Ca-rich clinopyroxene, and other 
c h a r a c t e r i s t i c s , c l e a r l y show these s u i t e s to be sub-alkaline. 
S i m i l a r l y , data f o r Talasea (Lowder, 1970), which i s a t h o l e i i t i c 
to c a l c - a l k a l i n e s u i t e of rocks, transgresses the a l k a l i n e to sub-
a l k a l i n e boundary, Helz (1973) has shown t h a t the coexistence of 
amphibole w i t h Ca-rich clinopyroxene s h i f t s the pyroxene composition 
towards the diopside — hedenbergite j o i n ; and i n general, Helz 
( o p . c i t . ) notes th a t under hydrous conditions the d i s t i n c t i o n between 
pyroxenes of diverse melt compositions becomes bl u r r e d . Despite 
t h i s , pyroxenes of isl a n d - a r c a l k a l i n e magmas, such as the Grenadan 
v a r i e t i e s (Arculus, 1973) or the Kanaga Limburgites (De Long et a l . , 
1975), s t i l l tend to be more Ca-rich than normal c a l c - a l k a l i n e 
pyroxenes, as shown i n Fig . 4.4. Cl e a r l y , f o r island-arc s u i t e s , 
c h a r a c t e r i s t i c a l l y formed under hydrous c o n d i t i o n s , the Le Bas-type 
boundaries need to be re-defined. 
Apart from major element v a r i a t i o n s i n pyroxenes, Al and T i 
are f r e q u e n t l y used as i n d i c a t o r s (e.g. Brown, 1968), In general, 
Al and T i are higher i n pyroxenes derived from a l k a l i c or low SiO^— 
a c t i v i t y magmas. However, as f o r Ca, Pig and Fe, the va r i o u s l y 
defined f i e l d s are by no means exclusive. The Shiant I s l e s pyroxenes 
p l o t over a l l three f i e l d s of the Si02-Al202 diagrams of Le Bas (1962) 
and Ktishiro (1960), as do the Grenadan pyroxenes (Arculus & Curran, 
1972) and the lesser A n t i l l e s plutonic-nodule pyroxenes (Lewis, 1973b). 
This, i n p a r t , i s due to the use of phenocryst pyroxene analyses and not 
8Z. 
j u s t groundmass pyroxenes, as was intended. Other e f f e c t s may also 
be o p e r a t i v e . With respect to T i i t i s clear t h a t whole-rock TiO^ 
contents are important. In TiO^-rich a l k a l i n e rocks, correspondingly 
t i t a n i f e r o u s augites are produced (e,g, Fodor et a l . , 1975) and chemical 
v a r i a t i o n s are governed more s t r o n g l y by the Ca Ti A l " 0^ molecule as 
suggested by Yagi i Onuma (1967), and as seen i n the Shiant I s l e s 
pyroxenes (Gibb, 1973), In such cases, Al concentrations are more 
e f f e c t i v e l y c o n t r o l l e d by T i , In TiO^ -poor rocks, Al i s incorporated 
p r i m a r i l y by Ca-Tschermak's molecule as suggested above i s the case 
f o r the Rossland analyses and Al i n the pyroxene i s l i k e l y to be 
a f f e c t e d to a greater extent by Al2'^3 melt. Thus, as suggested 
by Barberi e t a l . (1971), i f plagioclase c r y s t a l l i z e s before or during 
clinopyroxene p r e c i p i t a t i o n , low Al le v e l s may r e s u l t , even i n ' a l k a l i c ' 
pyroxenes. Where the reverse i s t r u e , low S i O ^ - a c t i v i t y melts w i l l 
favour high-Al pyroxenes, though not necessarily high T i ; t h i s 
depending on i t s concentration i n the magma. This e f f e c t i s possibly 
evident i n the cases of Grenada and Bridget Cove ( I r v i n e , 1973), where 
A1_0„ i n the pyroxenes, i n both cases, varies from 1 to 9 weight per 
cent, w h i l s t TiO^ i s less than 1.25 per cent. Both these associations 
are low-TiO^, i s l a n d - a r c v a r i e t i e s , but they contain basic, under-
saturated magmas i n which o l i v i n e and clinopyroxene c r y s t a l l i z a t i o n 
dominate. I n c o n t r a s t , the more s i l i c e o u s , high-alumina magmas of 
Dominica ( W i l l s , 1974), S a n t o r i n i (iMicholls, 1971) and Kanaga (De Long 
et a l , , 1975), p r e c i p i t a t i n g plagioclase r e a d i l y , contain pyroxene 
i n which A1„0 does not exceed about 4 per cent. 
Also e f f e c t i v e i n determining Al concentrations i n clinopyroxene, 
are temperature and pressure. In the Lesser A n t i l l e s p l u t o n i c blocks, 
Lewis (1973b) and W i l l s (1974) have analysed pyroxenes with up to 7 
per cent Al^O^* though these are c l e a r l y derived from sub-alkaline 
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magmas. Both of these authors show high Al i s a f u n c t i o n probably 
of temperature, Lewis ( o p . c i t ) noting a negative c o r r e l a t i o n of Fe/Mg 
r a t i o w i t h A l , This i s the opposite to what normally occurs i n zoned 
phenocrysts ( F i g , 4,2), This d i f f e r e n c e i s probably due to the f a c t 
t h a t the cumulate blocks have e q u i l i b r a t e d a t higher T and P than the 
volcan i c phenocrysts, the pyroxene i n association w i t h other 
aluminous minerals such as amphibole and plagioclase; whereas 
phenocryst compositions i n lavas are governed by complex l i q u i d -
c r y s t a l i n t e r a c t i o n s . 
On the basis of t h i s discussion, and Fig.4,4, the Rossland 
pyroxenes show c l o s e s t a f f i n i t i e s w i t h normal c a l c - a l k a l i n e volcanic 
pyroxenes, such as Dominica and Kanaga, They e x h i b i t TiO^ lev e l s less 
than 1,0 per cent and AI2O2 l e v e l s less than 4,5 per cent. At the 
basic end of the pyroxene spectrum. Wo contents are quite high, 
greater than 45 per cent ( F i g , 4,1), and thus they resemble, to some 
e x t e n t , the m i l d l y a l k a l i c a f f i n i t i e s of the Bridget Cove ( I r v i n e , 1973), 
Grenada (Arculus, 1973) and Sofala (Barron, 1976) pyroxenes. 
A d d i t i o n a l l y , i t should be noted t h a t the low Al concentrations of 
the Rossland samples also r e f l e c t the I0W-AI2O2 character of the 
parent magmas, contrsjsting w i t h the usually high f^^2'^3* c a l c - a l k a l i n e 
magmas, 
In summary, while pyroxene composition i s c l e a r l y strongly 
dependent on bulk-magma chemistry, simple c o r r e l a t i o n s between the 
two cannot be drawn. This i s due to the influence of external 
parameters such as P and T of e q u i l i b r a t i o n , and H^ O pressure. 
A d d i t i o n a l l y , c r y s t a l l i z a t i o n sequence i s important, though t h i s 
i s t o some extent i m p l i c i t l y c o n t r o l l e d by bulk chemistry. As f a r as 
can be ascertained then, the Rossland pyroxenes are i n d i c a t i v e of 
normal c a l c - a l k a l i n e parent magmas, though extending to more Mg-
r i c h compositions where, p o s s i b l y , a m i l d l y a l k a l i c basalt parent 
i s i n d i c a t e d , 56 
4;3 Amphibole 
f'lode of occurrence. Amphibole phenocrysts are conspicuous i n 
some volcanic samples and minor i n t r u s i o n s . They are also quite 
abundant i n a few tuffaceous and v o l c a n i c l a s t i c samples. In colour 
they are brown or pale brown, to shades of green-brown and they form 
euhedral or p a r t l y resorbed phenocrysts from 0.5 mm. to 8 mm. i n 
length (Plates 25 , 4 1 ) . The greener v a r i e t i e s are generally 
r e s t r i c t e d to the i n t r u s i v e rocks (Plate 3 1 ) . Strongly pleochroic, 
red or dark-brown oxyhornblendes, such as .reviewed by Deer et a l . 
( 1 9 6 2 ) , are not observed. 
A feature of the volcanic amphiboles i a t h e i r resorbed o u t l i n e s 
and the development of 'opacite' rims, as i l l u s t r a t e d i n Plates 25 
and 4 1 . These dusty, semi-opaque margins arei probably composed 
mainly of iro n - o x i d e s , though o p t i c a l i d e n t i f i c a t i o n i s impossible. 
They r e s u l t from the r a p i d t r a n s i t i o n of the amphibole-bearing 
magma out of the amphibole s t a b i l i t y f i e l d (see Figs. 4 . 1 1 A,B) at 
r e l a t i v e l y low temperature and P^^ g. Occasionally, several buried 
opacite rims are observed (Plate 24 ) , which must r e s u l t from 
f l u c t u a t i n g P^  n ^ sub-volcanic magma chamber. I f the P-T 
^2° 
path of the ascending magma crosses the amphibole-out curve (e.g. 
Figs. 4 . 1 1 A,B) a t high T and p the breakdown assemblage i s often 
coarser and can completely replace the amphibole. Such aggregates, 
usually containing oxides, plagioclase and pyroxenes i n f a i r l y s t r i c t 
p r o p o r t i o n s (Stewart, 1 9 7 6 ) , are not observed i n any of the Rossland 
volcanic samples. 
The amphiboles of the minor i n t r u s i o n s , as noted above, are 
greener i n colour and do not show the degrees of res o r b t i o n or 
opac i t e - r i m development evident i n the volcanic amphiboles. 
Presumably, t h i s i s a d i r e c t r e s u l t of c r y s t a l l i z a t i o n under moderate 
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Plate 41 
Photomicrographs: Amphibole phenocrysts i n an 
andesite. Note t h a t i n a d d i t i o n to the opacite-rim 
development, the phenocrysts are also somewhat resorbed, 




Photomicrograph: .'imphibole-bearing andesite, 
Amphiboles are colour—zoned and form euhedra with 
only t h i n opacite rims. Other phenocrysts are minor 
clinopyroxene and plagioclase (Sample 5015, PPL. 
F i e l d width = 4 mm,). 
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water-vapour pressures and w i t h i n , or near, the amphibole s t a b i l i t y 
f i e l d . 
Zoning i s apparent i n some c r y s t a l s on the basis of colour 
change. This i s e s p e c i a l l y so i n the minor i n t r u s i o n s , where 
opacite rims do not obscure the outer parts of the c r y s t a l s . 
Usually, a paler core i s surrounded by a more coloured rim. Or, 
i n one or two cases, simple o s c i l l a t o r y zoning occurs, i n v o l v i n g 
two or three changes (Plate 42 ) . Fine-scale o s c i l l a t o r y zoning, 
such as characterises plagioclase or clinopyroxene, i s not observed. 
Amphibole, as was shown i n Section 4:1, i s generally the l a s t 
phenocryst to p r e c i p i t a t e , since i t often contains p o i k i l i t i c i n c l u s i o n s 
of magnetite - pyroxene and plagioclase (e.g. Plate 26 ). 
A l a t e appearance of amphibole i s t y p i c a l i n many island-arc suites 
(3akes & White, 1972a), e s p e c i a l l y i n the Lesser A n t i l l e s volcanics 
and P l u t o n i c blocks ( W i l l s , 1974; Lewis, 1973a; Arculus, 1973). 
The s i g n i f i c a n c e of amphibole i n the petrogenesis of the 
Rossland magmas i s discussed l a t e r ; however, i t i s worth making 
the observation here t h a t amphibole shows very l i t t l e i n d i c a t i o n of 
a r e a c t i o n r e l a t i o n w i t h clinopyroxene or o l i v i n e as i s predicted 
by various experimental evidence at 2 - lOkb and H^O-saturated or 
m i l d l y under-saturated conditions (e.g. Cawthorn, 1976; Holloway & 
Burnham, 1972; Helz, 1973). Though amphibole frequently 
p o i k i l i t i c a l l y encloses clinopyroxene, only one instance has been 
noted (amphibole i n v o l c a n i c l a s t i c rock) where i t appears to overgrow 
a pyroxene i n a r e a c t i o n r e l a t i o n s h i p . In a d d i t i o n , clinopyroxene 
phenocrysts c o e x i s t i n g w i t h amphibole (e.g. Plate 24 ) show no sign 
of r e s o r b t i o n . 
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Chemistry. Figs. 4.5 and 4,6 are two commonly used amphibole 
c l a s s i f i c a t i o n diagrams i n which the analyses reported here 
(Appendix 3) are p l o t t e d . These show the v a r i a t i o n of Al 
( t e t r a h e d r a l ) w i t h A-site occupancy, and with Al (octahedral) + 
3+ 
Fe + T i . In general, i t i s evident t h a t the amphiboles are 
p a r g a s i t i c i n composition. Precise c l a s s i f i c a t i o n , however, i s 
be d e v i l l e d by the presence of s i g n i f i c a n t Fe"^"*" i n these types of 
amphibole; microprobe analyses only r e t u r n i n g t o t a l Fe. The 
e f f e c t of Fe"^ "^  can be i l l u s t r a t e d by comparing Figs. 4.5A and 
4,5B and by insp e c t i o n of Table 4.2. Figs. 4.5B and Fig. 4,6 
are p l o t t e d assuming Fe^Or^^/feO = 0,68. This value i s an average 
taken from W i l l s (1974), and i s based on wet chemical determinations 
of amphiboles by W i l l s ( o p . c i t ) , Rea (1970) and Lewis (1964) from the 
Lesser A n t i l l e s . Following Ross et a l . (1969), A-site occupancy 
i s c a l c u l a t e d by:-
A = Ca + Na + K + Fe {m) - 2.00 
Fe(M4) i s considered as the excess over 5,00 of cations i n the Y-
s i t e s . As Table 4,2 shows, increase of Fe'^ '*' causes lowering of 
Fe(M4) and r a i s i n g of Na(ri4) and Al"""^* The e f f e c t on c l a s s i f i c a t i o n 
i s t o s h i f t compositions from pargasite towards tschermakite. The 
amphiboles are best described, t h e r e f o r e , as tschermakitic h a s t i n g s i t e s , 
since Fe^ "*" replaces Hg s i g n i f i c a n t l y . There i s also the tendency 
f o r volcanic amphiboles to p l o t nearer common hornblende than the 
m i n o r — i n t r u s i o n amphiboles (Figs. 4.5 and 4.6), 
Also, i t might be noted t h a t the value of 0,68 f o r Fe^O^/feO, 
w h i l s t more or less s u i t a b l e f o r the volcanic amphiboles - these 
being generally p o s i t i v e ;Fe(r'14) and Na(n4) - i s apparently too high 
f o r the i n t r u s i v e amphiboles, where the sums of cations i n Y i s often 




C l a s s i f i c a t i o n diagram ( A l versus A-site 
occupancy) f o r primary amphiboles, 
( A ) S t r u c t u r a l formula c a l c u l a t e d assuming 
a l l Fe as FeO 
( B ) S t r u c t u r a l formula c a l c u l a t e d assuming 
Fe^O^/FeO = 0.68 
Crosses - amphiboles from volcanicB 
Squares - amphiboles from minor i n t r u s i o n s 
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Figure 4 . 6 
A l ^ ^ versus Al"'^ + T i + Fe"^ "^  c l a s s i f i c a t i o n 
diagram f o r primary amphiboles, Fe2D2/F'eO = 0 . 6 8 , 
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TABLE 4.2 
EFFECT OF Fe .0. ON THE AMPHIBOLE STRUCTURAL FORI^ IULA 
BH561 BH962 
A B A B 
41.48 4L.48 39.00 39.00 
TiO^ 2.58 2.58 3.72 3.72 
« V 3 12.26 12.26 13.39 13.39 
f^2°3 - 4.80 - 5.92 
FeO 11,40 7.07 14.05 8.72 
l^g 0.21 0.21 0.25 0.25 
RgO 14.63 14.63 11.41 11.41 
CaO 11.66 11.66 11.63 11.63 
Na^ O 2.18 2.18 2.37 2.37 
K^ O 0.68 0.68 1.49 1.49 
To t a l 97.16 97.56 97.31 97.90 
S t r u c t u r a l formula on the basis of 23 oxygens (anhydrous) 
Si 6.149 6.083 5.902 5.819 
A l ^ " 1.851 1.917 2.098 2.181 
A l ^ i 0.291 0.201 0.292 0.173 
Fe - 0.530 - 0.665 
Fe 1.413 0.867 1.779 1.087 
nn 0.026 0.026 0.032 0.032 
3.232 3.198 2.574 2.538 
T i 0.287 0.284 0.424 0.417 
Ca 1.852 1.831 1.886 1.859 
Na 0.627 0.620 0.696 0.686 
K 0.129 0.127 0.288 0.283 
Z 8.000 8.000 8.000 8.000 
Y 5.249 5.106 5.101 4.912 
A + X 2.608 2.578 2.870 2.828 
Fe(M4) 0.249 0.106 0.101 -0.088 





Amphibole from 5056 
Amphibole from 5096 
(uolcanics) 
(minor i n t r u s i o n ) 
Fe^O^ = 0, a i l Fe as FeO 
Fe^O^ = 0.68 X FeO 
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That Fe"^ '*' i s lower i n the i n t r u s i w e amphiboles i a also indicated by 
the d i f f e r e n c e s i n colour. This also tends to confirm the suggestion, 
made aboue, t h a t the i n t r u s i v e amphiboles haue not been subject to 
r a p i d removal from the amphibole s t a b i l i t y f i e l d at low temperature, 
since t h i s c h a r a c t e r i s t i c a l l y inv/olues H^ D loss and ox i d a t i o n ( c f . 
Deer e t a l . , 1962; Barnes, 1930). 
Amphibole chemistry i s governed by two main coupled s u b s t i t u t i o n s , 
apart from the simple- Mg^"*" ~ Fe^ "*" and Na"*" = k"*" replacements. These 
inv o l v e i n c o r p o r a t i o n of the Edenite and Tschermakite molecules. 
Respectively: 
Si :^  NaAl^" 
M g S i ^ A l S l ^ " 
From a basic t r e m o l i t e formula these two produce pargasite. Most 
c a l c i f e r o u s amphiboles p l o t i n a b a n d between t r e m o l i t e and pargasite, n a t u r a l 
e d e n i t i c or tschermakitic amphiboles being v i r t u a l l y unknown (Leake, 
1962, 1965). Helz (1973) suggests th a t these two s u b s t i t u t i o n s tend 
to occur together i n order to reduce l o c a l charge imbalances, 
4+ 
e s p e c i a l l y i f T i i s introduced. 
Whilst the Al- t s c h e r m a k i t i c substitution predominates as a 
mechanism f o r balancing the edenite molecule, i t i s c l e a r l y not 
s u f f i c i e n t since the amphiboles. e x h i b i t /IM^''' of greater than 
2,00, as would be req u i r e d . This deficiency i s made up by the 
presence of Ti and Fe"^"*" as i s ind i c a t e d by Fig. 4.6. Other minor 
s u b s t i t u t i o n s i n the amphiboles probably involve r i c h t e r i t e 
(l\la(A) + Na(M4) ^  Ca) or glaucophane (Na(n4) + A l " ^ ^  Ca + Pig), 
since Ca i s usually less than 2,00, though, as was observed above, 
the amounts of these molecules a c t u a l l y present depends c r i t i c a l l y 
on the accurate estimation of Fe"^"*"* 
V a r i a t i o n w i t h i n the i n t r u s i v e and volcanic amphiboles i s shown 
i n F i g . 4.7. Each group shows l i t t l e systematic v a r i a t i o n . Within 
the volcanic group, only sample 4057 (Analyses BH 57, Appendix 3) 95 
Figure 4.7 
V a r i a t i o n of Al"""", T i , Al"""" and Ca w i t h Rg-number 
i n primary amphiboles. 
Dashed l i n e represents v a r i a t i o n w i t h i n 
sample 5015. S o l i d l i n e represents zoning 
i n one c y r s t a l from 5096. (Symbols as i n Figo4o5) 
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shows a wide range. Analyses from one sample tend to c l u s t e r 
and much of the s c a t t e r i s apparently whole-rock s c a t t e r rather 
than i n d i v i d u a l mineral-analysis s c a t t e r ; the precise chemistry 
of the amphibole depending, i n some complex manner, on the bulk-
rock chemistry. Bulk-rock chemical d i f f e r e n c e s , or temperature 
d i f f e r e n c e s , probably account fofc the d i f f e r e n c e s between the two 
groups. 
Where zoning i s apparent (BH96, Appendix 3 ) , or a range of 
compositions are obtained from one t h i n section (BH57), i t i s 
apparent t h a t l i t t l e v a r i a t i o n occurs with ng-number; T i , Al"""" 
and Al"""^ are roughly constant. Ca, however, tends to increase 
w i t h Fe, t h i s suggesting that deficiency in the M s i t e i s ffade up by 
Na r a t h e r than Fe. 
Discussion 
Amphiboles, s i m i l a r i n composition to those reported here, 
have been commonly described from c a l c - a l k a l i n e , island-arc or 
c o n t i n e n t a l margin volcanic associations (e.g. Dakes & White, 1972a-), 
They have also been produced experimentally from b a s a l t i c and 
andesitac melts of various compositions, under hydrous conditions 
(Green & Ringwood, 1968; Helz, 1973; Cawthorn et a l . , 1974; 
Eggler, 1972). Precise c o n t r o l s of amphibole chemistry have not 
as yet been c l e a r l y defined, though a comprehensive study on the 
e f f e c t s of temperature, f u g a c i t y of oxygen and whole-rock chemistry 
i s reported by Helz (1973). In a d d i t i o n , Cawthorn (l976a) using 
data from n a t u r a l l y occurring samples, has shown the broad e f f e c t s 
of whole-rock chemistry on amphibole composition, and has broadly 
d e l i m i t e d f r a c t i o n a t i o n f a c t o r s and d i s t r i b u t i o n c o e f f i c i e n t s f o r 
the major elements. 
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Helz (1973) shows, f o r a given s t a r t i n g composition, t h a t as 
temperature decreases so do A-site occupancy, Al"""" and T i . High 
temperature amphiboles ( 1D00°C) p l o t close to the tschermakite-
pargasite j o i n . Lower temperature ampbiboles p l o t towards common 
hornblende. This i s i n part due to the s t a b i l i z a t i o n , down 
temperature, of Fe-Ti oxides and plagioclase. Similar temperature 
c o n t r o l s on amphibole chemistry are also t y p i c a l of metamorphic 
amphiboles (Chapter 6 ) . 
These e f f e c t s are also noticeable i n n a t u r a l (igneous) 
occurrences. Table 4.3 l i s t s some analyses of experimentally produced 
amphiboles and n a t u r a l samples from basalts and andesites. I t i s 
clea r t h a t those amphiboles from more evolved s i l i c e o u s magmas are 
r i c h e r i n S i , and depleted i n A l , T i and a l k a l i s . Dakes & White 
(1972a) also show t h a t amphiboles from more s i l i c e o u s c o n t i n e n t a l -
margin volcanics are r i c h e r i n Si compared to those from less 
d i f f e r e n t i a t e d i s l a n d - a r c s u i t e s . From Table 4.3, Rossland 
volcanic amphiboles, on average, are seen to be comparable to the 
higher temperature amphiboles from b a s a l t i c melts. There i s also 
evidence of the temperature e f f e c t described above. Comparison of 
analyses BH57 and BH56 w i t h BH13 and BH15 (Appendix 3) show the 
f i r s t two, derived from basalts, to be r i c h e r i n Al"""" compared to 
the l a t t e r two, derived from andesites. 
Following on from these observations, a feature of i s l a n d -
arc occurrences of amphibole i s tha t they are r a r e l y reported i n 
rocks w i t h SiO^ less than 55 per cent (Jakes & White, 1972'a,), 
Furthermore, amphibole tends t o make an appearance at lower SiO^ 
l e v e l s i n a s u i t e , i n high-K type associations, such as described 
by Dakes & Smith (1970), Mackenzie & Chappell (1972), G i l l (1970) 
or Larsen e t a l . (1937). Another s i g n i f i c a n t f a c t i s t h a t normal 
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c a l c - a l k a l i n e associations, such as S a n t o r i n i ( N i c h o l l s , 1971) 
or Dominica ( W i l l s , 1974), w h i l s t containing amphiboles only i n 
a n d e s i t i c or d a c i t i c e x t r u s i v e s , contain amphiboles of a more 
'basic' nature i n cumulate blocks or gabbroic x e n o l i t h s (Table 4.3), 
A l t e r n a t i v e l y , basic rocks of a l k a l i n e a f f i n i t i e s contain, more 
commonly, k a e r s u t i t i c amphiboles (Aoki, 1964; McBirney & Aoki, 
1968; Gunn, 1972), S i m i l a r l y , the ra r e r island-arc a l k a l i n e 
rocks, such as those of Grenada (Arculus, 1973), Kick 'em Denny 
Volcano (,Sigurdsson e t a l . , 1974), Bridget Cove (Lathram et a l . , 
1968) and Bogoslof I s l a n d (Arculus e t a l . , 1977) also tend to carry 
amphiboles i n b a s a l t i c representatives. Why sub-alkaline basalts 
do not contain amphibole, though apparently are capable of 
p r e c i p i t a t i n g i t at depth, i s somewhat enigmatic. The data of 
Helz ,'(1973) and Yoder & T i l l e y (1962) suggest th a t the upper 
temperature of the s t a b i l i t y f i e l d of amphibole i s higher i n a l k a l i c 
than t h o l e i i t i c b a s a lt. This implies that the higher a l k a l i s of i s l a n d -
arc and other a l k a l i n e b a s a l t s , given s u f f i c i e n t P , f a c i l i t a t e s 
^2° 
s t a b i l i z a t i o n of amphibole. Cawthorn (1976) notes t h i s tendency 
i n s y n t h e t i c melts, where amphibole s t a b i l i t y i s enhanced with 
increase of Na20 i n the bulk composition. Sub-alkaline b a s a l t i c 
magmas, t h e r e f o r e , must invariably erupt at temperatures above t h e i r 
amphibole s t a b i l i t y f i e l d . Only those magmas retained at depth 
go on to p r e c i p i t a t e the amphiboles found i n nodules and x e n o l i t h s . 
By i n f e r e n c e , the presence and nature of the amphiboles w i t h i n 
the Rossland volcanics at b a s a l t i c compositions i s suggestive of 
r e l a t i v e l y high a l k a l i s , and suggests an analogy with the a l k a l i n e 
rocks of Grenada and Bogoslof I s l a n d . This suggestion i s strengthened 
when consideration i s made of the a l k a l i contents of the amphiboles 
themselves. Helz (1973), Dakes & White (I972^a) and W i l l s (1974) 
have a l l shown t h a t there i s a c o r r e l a t i o n between A-site occupancy, 
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or a l k a l i content, and whole-rock a l k a l i content. This e f f e c t i s 
p a r t i c u l a r l y noticeable w i t h i n the Lesser A n t i l l e s arc, where a very 
d i s t i n c t a x i a l change i n magma type i s evident (Brown et a l . , 1977). 
F i g . 4,8 shows the f i e l d s of amphiboles found i n the pl u t o n i c nodules 
from three islands i n t h i s arc ( a f t e r W i l l s , 1974). S t . K i t t s shows 
is l a n d - a r c t h o l e i i t i c a f f i n i t i e s , Dominica c a l c - a l k a l i c and Grenada 
c a l c - a l k a l i c / a l k a l i c . In Fig . 4,8, together with data reported 
here, are p l o t t e d various amphiboles from other volcanics. The 
Rossland amphiboles compare w e l l w ith the Grenadan p l u t o n i c and 
volcanic amphiboles, but have s i g n i f i c a n t l y higher K than the 
analyses from the c a l c - a l k a l i n e associations of Dominica and 
S a n t o r i n i , Amphiboles from the minor i n t r u s i o n s are even r i c h e r 
i n K and are comparable w i t h the amphiboles reported from the back-arc 
a l k a l i n e rocks of Dapan (Aoki, 1964) and Bogoslof Island (Arculus 
§t_al., 1977). 
The Sofala analyses (Barron, 1976) are also K-rich ( f i g . 4 , 8 ) , 
and also represent amphiboles derived from b a s a l t i c rocks. I t was 
commented upon above (Section 3:4) t h a t these rocks are s i m i l a r i n 
many other respects to the Rossland Group. 
4:4 Amphibole-Glinopyroxene Relations 
I t i s a c h a r a c t e r i s t i c of co e x i s t i n g amphibole and clinopyroxene 
t h a t Fe/Mg r a t i o s are. d i s t r i b u t e d such th a t amphibole i s depleted i n 
fig r e l a t i v e to clinopyroxene. I t i s t h i s tendency th a t i s the main 
reason f o r considering amphibole an important phase i n producing a 
non-iron-enriched, c a l c - a l k a l i n e trend (Ringwood, 1974; Cawthorn 
& O'Hara, 1976). 
The t i e - l i n e r e l a t i o n s h i p s i n Fig. 4.1 show tha t the Rossland 
samples provide no exception, s i m i l a r patterns being reported by 
Lewis (I973bi W i l l s (1974), Arculus (1973) and Arculus et a l . (1977). 
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Figure 4,8 
K versus Fe/Mg f o r primary amphiboles. Data p l o t t e d 
include the Rossland volcanic and minor i n t r u s i o n 
amphiboles, plus data from the l i t e r a t u r e : -
Sofala (Barron, 1976) 
Grenada (Arculus, 1973) 
Kick 'em Denny(" " ) 
Dominica ( W i l l s , 1974) 
S a n t o r i n i ( N i c h o l l s , 1971) 
A, B and C are the compositional f i e l d s of amphiboles 
from the p l u t o n i c nodules of Grenada, Dominica and 
S t o K i t t s , r e s p e c t i v e l y , ( W i l l s , 1974), 
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° Minor intrusions (RVG) 
X Volcanics (RVG) 
• Sofala 
» Grenada 














The d i s t r i b u t i o n c o e f f i c i e n t governing the p a r t i t i o n i n g of Fe and 
Hg between these two phases, i s defined: 
•^D = (^^/^^9)Amph, ^ ("9/Fa)cpx 
Helz (1973) shows th a t t h i s c o e f f i c i e n t increases w i t h temperature 
(Table 4.4). This represents a r a d i c a l departure from i d e a l i t y 
( K I Q = If J = OO ) and i s due, probably, to s t r u c t u r a l c o n s t r a i n t s . 
I n the amphibole, as Al and a l k a l i s increase with temperature, Fe^ "*" 
i s favoured over Hg due to i o n i c - s i z e d i f f e r e n c e s . 
Table 4.4 shows average Kp values f o r the Rossland volcanic 
samples, w i t h the data of Helz (1973) f o r comparison. This suggests 
the Rossland samples e q u i l i b r a t e d at around 930°C - 970°C, excepting 
sample 5015, However, t h i s sample has only one pyroxene analysis 
from the core of a phenocryst, which i s Rg-rich, Temperatures of 
about 950°C agree, g e n e r a l l y , w i t h those suggested i n Section 4,8, 
on the basis of the Al"""" content of the amphiboles. This i s a 
t e n t a t i v e i n d i c a t i o n t h a t amphibole and clinopyroxene are i n 
e q u i l i b r i u m , despite the v i s i b l e r e a c t i o n and r e s o r b t i o n textures 
e x h i b i t e d by the amphiboles, which are i n t e r p r e t e d as a near-surface 
phenomenon, 
4:5 Plaqioclase 
node of occurrence, Plagioclase, l i k e pyroxene, occurs i n v i r t u a l l y 
a l l rock types and i s only absent, as a phenocryst, i n some ankaramitic 
b a s a l t s . Most f r e q u e n t l y , i t occurs as d i s c r e t e l a t h s of up to 3 mm., 
but i t can also form aggregates of several c r y s t a l s joined along f l a t 
c r y s t a l faces (Plates 43 , 44 ) , As a^groundmass phase, i t occurs 
as m i c r o l i t e s j o r very small l a t h s set i n an o r i g i n a l l y glassy matrix, 
or i t tends to form i n t e r s t i t i a l l y to groundmass pyroxene and oxides. 
In both amphibdlised and non-amphibolised rocks, plagioclase 
i s e x t e n s i v e l y a l t e r e d . Within the former samples, i t i s e i t h e r 
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TABLE 4.4 
nq-Fe DISTRIBUTION COEFFICIENTS FOR CD-EXISTING 
AHPHIBOLE AND CLINOPYRDXENE 
Rossland samples Kp Data of Helz (1973, Table 13) 
Sample No. 





875 1.63 1.57 
930 1.58 1.50 1.52 
970 2.68 2.04 2.06 
1000 3.48 3.55 3.59 
= (^^/^9),p, X (ng/Fe)^^p^ 
PG. Picture Gorge t h o l e i i t e 
1921 1921 Kilauea o l i v i n e t h o l e i i t e 
1801 1801 Hualalai a l k a l i basalt. 
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i n c l u s i o n - r i d d e n w i t h epidote, or r e c r y s t a l l i z e d to r e l a t i v e l y 
c l e a r a l b i t e or o l i g o c l a s e (see Chapter 6 ) . Several X-ray 
d i f f r a c t o m e t e r runs of the feldspars from amphibolised rocks 
confirm i t i s i n the l o w - s t r u c t u r a l state by using the curves of 
Smith (1956) and Smith & Gay (1956). In the non-amphibolised 
rocks plagioclase i s i n v a r i a b l y a l t e r e d t o , or contains abundant 
i n c l u s i o n s of epidote, s e r i c i t e and occasionally c h l o r i t e (e.g. 
Plates 43 , 45 ) . A l t e r n a t i v e l y , i t can be extensively 
c a l c i t i s e d . As a result,such features as zoning and twinning are 
o f t e n completely obscured. In rare cases, as shown i n Plate ^5 , 
patches of c l e a r , unaltered plagioclase are seen and i n such cases 
o s c i l l a t o r y zoning i s i n evidence. 
Chemistry. Due to the alter'ed nature of the plagioclases, only a 
few analyses, representing igneous plagioclase compositions, have 
been obtained. These are shown i n Appendix 3 and are p l o t t e d i n 
the ternary feldspar diagram ( F i g . 4.9). Compositions l i e w i t h i n 
the andesine and sodic l a b r a d o r i t e range. Whether or not highly 
c a l c i c p l a g i o c l a s B , c h a r a c t e r i s t i c of c a l c - a l k a l i n e rocks, occurs 
i s u n c e r t a i n , since, as Plate 43 shows, the cores of phenocrysts 
are i n v a r i a b l y a l t e r e d ; only the margins occasionally ' are capable 
of a n a l y s i s . Since zoning i s apparent, more c a l c i c compositions 
would be expected. 
Orthoclase contents of the plagioclases analysed are quite 
high, around 3-4 per cent, compared with other island-arc s u i t e s . 
For example, Grenadan and Dominican plagioclase compositions, 
reported by Arculus (1973) and W i l l s (1974), contain less than 
one per cent Or f o r comparable An contents. S a n t o r i n i plagioclases 
( N i c h o l l s , 1971) contain Or of less than 2 per cent. The Bogoslof 
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Figure 4,9 
Analysed plagioclase phenocrysts p l o t t e d i n 





P l a t e 43 
Photomicrograph: B a s a l t showing v a r i a b l y s i z e d 
p l a g i o c l a s e p h e n o c r y s t s ; a l s o with p h e n o c r y s t s o f 
c l i n o p y r o x e n e . The p l a g i o c l a s e i n the c e n t r e i s an 
aggregate o f s e v e r a l i n d i v i d u a l l a t h s j o i n e d along c r y s t a l 
f a c e s . A l t e r a t i o n o f the f e l d s p a r t o c h l o r i t e , e p i d o t e 
and s e r i c i t e i s advanced, b u t i s l e a s t i n t e n s e near the rims 
o f t h e c r y s t a l s . (Sample 5055, XP. F i e l d w i d t h = 4 mm.}. 
P l a t e 44 
Photomicrograph; C r y s t a l c o n t r o l l e d p l a g i o c l a s e 
a g gregate i n an a n d e s i t e . H i g h l y a l t e r e d . (Sample 
5034, F i e l d w i d t h = 4 mm.). 
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4. 
P l a t e 45 
P h o t o m i c r o g r a p h : B a s a l t c o n s i s t i n g o f h i g h l y a l t e r e d 
p l a g i o c l a s e ( b u t note o c c a s i o n a l f r e s h m a r g i n s ) , and 
c l i n o p y r o x e n e p h e n o c r y s t s . Large pyroxene ( c e n t r a ) i s an 
a ggregate o f t h r e e i n t e r g r o u n c r y s t a l s and c o n t a i n s rounded 
i n c l u s i o n o f s p i n e l ( T i - m a g n e t i t e m a i n l y ) (Sample 5013, XP, 
F i e l d u i d t h « 4 mm.). 
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I s l a n d a l k a l i c r o c k s c o n t a i n p l a g i o c l a s e s perhaps more comparable 
w i t h t h e Rossland; Fig,4 of A r c u l u s e t a l . (1977) shows t h a t a t a 
p l a g i o c l a s e c o m p o s i t i o n o f A I ^ ^ Q * o r t h o c l a s e c o n t e n t i s about 4 per 
c e n t , Rossland p l a g i o c l a s e s a l s o compare fav/ourably w i t h those 
a n a l y s e d by Gandy (1975) f r o m the a p p a r e n t l y m i l d l y a l k a l i c t o c a l c -
a l k a l i c , Devonian Sidlaw u o l c a n i c s . The Or content i s , t o some e x t e n t , 
a f u n c t i o n of whole-rock i s expected by c o n s i d e r a t i o n of the 
e x p e r i m e n t a l l y d e t e r m i n e d f e l d s p a r system ( e , g , Carmichael e t a l . , 
1974) and i s a l s o shown t o be t h e case i n Hawaiian p l a g i o c l a s e 
f e l d s p a r s ( K e i l e t a l . . 1 9 7 2 ) . 
4:6 S p i n e l 
l^ode o f o c c u r r e n c e . I n the non-amphibolised samples, s p i n e l s 
o ccur i n v a r i a b l y as p h e n o c r y s t s and i n abundances (Tabl e 4.1) of 
1-6 per c e n t . They occur m a i n l y as rounded t o s u b h e d r a l c r y s t a l s 
o f l e s s than 1 mm., e i t h e r e n c l o s e d by c l i n o p y r o x e n e or groundmass 
( P l a t e s 4 1 , 4 3 ) . Only o c c a s i o n a l l y does p l a g i o c l a s e c o n t a i n s p i n e l 
i n c l u s i o n s . 
The most common s p i n e l i s t i t a n i f e r o u s m a g n e t i t e . I l m e n i t e 
has n o t been observed as a s e p a r a t e phase. Much l e s s common i s 
C r — s p i n e l . 
A l t e r a t i o n o f m a g n e t i t e i s u s u a l l y advanced, w i t h , i n some 
samples, complete r e p l a c e m e n t by t u r b i d a g g r e g a t i o n o f ? i r o n 
h y d r o x i d e s . A l t e r n a t i v e l y , s u l p h i d e s ( p y r i t e or p y r r h o t i t e ) have 
r e p l a c e d p r i m a r y m a g n e t i t e , and s m a l l g r a n u l e s of sphene can 
d e v e l o p as T i i s r e l e a s e d . However, i n o t h e r samples magn e t i t e 
i s o n l y p a r t i a l l y a l t e r e d a l o n g f r a c t u r e s and margins. Smaller 
g r a i n s w i t h i n pyroxene can even be c o m p l e t e l y f r e s h . I n r e f l e c t e d 
l i g h t , most m a g n e t i t e s appear homogenous, though o c c a s i o n a l l y f i n e 
e x s o l u t i o n l a m e l l a e o f i l m e n i t e a r e o b s e r v a b l e . 
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W i t h i n t h e a m p h i b o l i s e d r o c k s , no o r i g i n a l m a g n e t i t e i s 
ppeserved. I n many cases, secondary s u l p h i d e s are the o n l y 
opaque phase, and where m a g n e t i t e i s p r e s e n t and f r e s h i t i s 
c o m p o s i t i o n a l l y a d j u s t e d t o metamorphic c o n d i t i o n s (see Chapter 6 ) . 
O t h e r w i s e , m a g n e t i t e has vanished l e a v i n g o n l y f a i n t t u r b i d 
a g g r e g a t e s of ? i r o n h y d r o x i d e s (as above) as v e s t i g e s of i t s 
presence. Thus, a l t h o u g h p o r p h y r i t i c spinel was present i n these 
r o c k s , abundances are n o t e a s i l y e s t i m a b l e and are not shown i n 
Tabl e 4 . 1; though i t would be expected t h a t t h e y are s i m i l a r t o 
those c a l c u l a t e d f o r t h e non-amphibolised v o l c a n i c s . 
C h e m i s t r y . C r - s p i n e l was, as shown above, found i n a few samples 
and f o u r analyses are shown i n Appendix 3. They are a l s o p l o t t e d 
i n F i g . 4.10, w i t h some c o m p a r a t i v e d a t a . Three o f t h e analyses 
( F i g . 4.10) have q u i t e h i g h Cr/(Cr + A l ) r a t i o s p l o t t i n g above the 
f i e l d o f s p i n e l s from s t r a t i f o r m , b a s i c i n t r u s i o n s ( I r v i n e , 1967). 
I n a n a l y s i s SP434 t h i s may be due t o the r a t h e r h i g h SiO^, which i s 
a r e s u l t of c o n t a m i n a t i o n due t o the s m a l l g r a i n - s i z e of the analysed 
c r y s t a l . I n t h e o t h e r cases these h i g h C r / A l r a t i o s appear t o be 
r e a l . A l s o p l o t t e d i n F i g . 4.10 are a C r - s p i n e l from a Grenadan 
a l k a l i - b a s a l t ( A r c u l u s , 1 973), and some C r - s p i n e l s from the Alaskan-
t y p e u l t r a m a f i c bodies a s s o c i a t e d w i t h t he N i c o l a - T a k l a v o l c a n i c s 
( I r v i n e , 1974; see a l s o S e c t i o n 5.4.3.) 
C r - s p i n e l i s c l e a r l y an e a r l y phase t o c r y s t a l l i z e ( b e i n g 
i n c l u d e d i n pyroxene) and t h i s agrees w i t h t he t h e o r i e s d e r i v e d 
by I r v i n e (1967) who suggests t h a t t he c r y s t a l l i z a t i o n o f C r - r i c h 
s p i n e l , i n i t i a t e d a t h i g h t e m p e r a t u r e , ceases, s t i l l a t q u i t e h i g h 
t e m p e r a t u r e , p r o b a b l y by a r e a c t i o n r e l a t i o n w i t h pyroxene. 
C e r t a i n l y , t h e r e i s a l a r g e c o m p o s i t i o n a l gap between C r - s p i n e l 
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F i g u r e 4.10 
P l o t of ana l y s e d C r - s p i n e l s w i t h c o m p a r a t i v e d a t a : -
Tulameen ( F i n d l a y , 1969) 
Aiken Lake ( I r v i n e , 1974) 
Grenada ( A r c u l u s , 1973) 
S o l i d l i n e s e n c l o s e f i e l d of C r - s p i n e l s f r o m 













A Aiken Lake 
X Grenada 
(50 per c e n t Cr^O^) and T i - m a g n e t i t e ( l e s s t han 0.9 per cent Cr^O^). 
I n t h e m a g n e t i t e s , TiO^ v a r i e s from 10,44 t o 1.75 per cent and 
s u b s t a n t i a l amounts of l^^2^z occur (0.63 - 6.00 per c e n t ) . 
These a n a l y s e s are t a b u l a t e d i n Appendix 3, and they g e n e r a l l y 
compare c l o s e l y • w i t h m a g n e t i t e s from o t h e r i s l a n d - a r c / c a l c -
a l k a l i n s s u i t e s , such as t h e Lesser A n t i l l e s ( A r c u l u s , 1973; 
W i l l s , 1974; Lewis, 1973b). The absence of i l m e n i t e as a phenocryst 
i s a l s o a c h a r a c t e r i s t i c o f low Ti02 ( i s l a n d - a r c ) magmas ( c f . 
C a r m i c h a e l & N i c h o l l s , 1967). 
4:7 B i o t i t e 
r^ode o f o c c u r r e n c e . B i o t i t e i s observed i n o n l y one sample ( 5 0 3 3 ) , 
an a n d e s i t e . I t i s shown i n P l a t e 27 , where i t occurs as r a t h e r 
ragged c r y s t a l s of about 0.5 - 1 mm. L i k e amphibole, b i o t i t e shows 
e v i d e n c e of m a r g i n a l and i n t e r n a l breakdown t o an assemblage i n v o l v i n g , 
m a i n l y , f i n e aggregates of i r o n o x i d e s . This i s a r e s u l t of the 
t h e r m a l c o n t r a c t i o n o f the s t a b i l i t y f i e l d of b i o t i t e a t near-
s u r f a c e p r e s s u r e s , a n a l o g o u s l y t o amphibole. 
B i o t i t e p h e n o c r y s t s are n o t unusual i n c a l c - a l k a l i n e a s s o c i a t i o n s , 
b u t occur p a r t i c u l a r l y i n high-K s u i t e s ( e . g . P'lackenzie & C h a p p e l l , 
1972; G i l l , 1 970). 
C h e m i s t r y . Table 4.5 shows t h e two b i o t i t e s a nalysed f r o m sample 
5033, w i t h two c o m p a r a t i v e a n a l y s e s ; one f r o m an a n d e s i t e from 
B o g o s l o f I s l a n d ( A r c u l u s e t a l . , 1977) and one from the Colorado 
l a t i t e a s s o c i a t i o n d e s c r i b e d by Larsen e t a l . ( 1 9 3 7 ) , The igneous 
n a t u r e of the b i o t i t e s i s c o n f i r m e d by t h e i r h i g h Ti02 content» 
p a r t i c u l a r l y . 
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TABLE 4.5 
ROSSLAND IGNEOUS BIOTITES WITH COPIPARATIUE DATg 
1 2 A B 
SiO^ 36.93 36.48 39.14 37.41 
TiO^ 5.23 4.22 4.27 4.29 
A1„0„ 14.17 14.36 13.10 14.86 
2 3 
FeO 13.21 16.13 16.69 13.44 
WnO 0.23 0.21 0.14 0.13 
WgO 16.08 15.22 12.75 16.41 
CaO 0.06 0.04 1.64 0.03 
Na^O 0.51 0.27 0.70 0.79 
K,0 8.99 8.12 6.55 8.69 
T o t a l 95.42 95.04 94.99 96.05 
S t r u c t u r a l Formula on the b a s i s of 22 oxygens (an hydrous) 
S i 5.479 5.477 5.790 5.499 
A l ^ ^ 2.480 2.523 2.210 2.491 
A l ^ ^ 0.000 0.020 0.074 0.000 
Te 1.539 2.025 1.914 1.652 
0.030 0.026 0.017 0.016 
Mg 3.555 3.405 2.811 3.596 
Ca 0.009 0.007 0.260 0.004 
T i 0.583 0.476 0.474 0.473 
Na 0.148 0.078 0.199 0.227 
K 1.701 1.556 1.236 1.628 
Z 7.958 8.000 8.000 7.990 
Y 5.807 5.952 5.440 5.741 
X 1.858 1.640 1.700 1.859 
1 B I 3 3 1 , Rossland a n d e s i t e 5033 
2 BI332, I I I I I I 
S B i o t i t e f r om l a t i t e , Colorado ( L a r s e n e t a l . , 1935) 
B B i o t i t e f r om a n d e s i t e , Bogoslof I s l a n d ( A r c u l u s e t a l . , 
(* F e 2 0 3 = 12.29, FeO = 5.63) 
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4:8 W i n e r a l s t a b i l i t y i n b a s a l t i c and a n d e s i t i c m e l t s . 
The n a t u r e and c r y s t a l l i z a t i o n sequence of the m i n e r a l s 
d e s c r i b e d above, can p r o v i d e i m p o r t a n t c o n s t r a i n t s on t h e 
e x t e r n a l c o n d i t i o n s d u r i n g the c r y s t a l l i z a t i o n and e r u p t i o n of 
the Rossland magmas. I n t h i s s e c t i o n , a b r i e f d i s c u s s i o n of 
r e c e n t and r e l e v a n t e x p e r i m e n t a l work i s g i v e n , and i t s a p p l i c a t i o n 
t o t he Rossland v o l c a n i c s commented upon. 
P a r t i c u l a r l y s i g n i f i c a n t i s the presence of amphibole (and 
b i o t i t e ) , s i n c e these i n d i c a t e t he importance of d i s s o l v e d v o l a t i l e s , 
p a r t i c u l a r l y H2O. F i g s . 4.11 A and B show e x p e r i m e n t a l data taken 
f r o m E g g l e r & Burnham (1973) and Yoder & T i l l e y ( 1 9 6 2 ) , p e r t a i n i n g 
t o t h e s t a b i l i t y r e l a t i o n s of v a r i o u s phases i n a n d e s i t i c and b a s a l t i c 
m e l t s , r e s p e c t i v e l y , under H20-saturated c o n d i t i o n s . I n Fig.4.11A the 
oxygen f u g a c i t i e s were a t the QFH b u f f e r , w h i l s t i n F i g . 4.118- the 
oxygen f u g a c i t y , though u n b u f f e r e d , was pr o b a b l y near t o HH ( H e l z , 1 9 7 3 ) , 
and F e - T i oxi d e s were s t a b l e t h r o u g h o u t the c r y s t a l l i z a t i o n sequence. 
D e s p i t e these d i f f e r e n c e s , and those of whole-rock c o m p o s i t i o n , some 
f e a t u r e s are common t o b o t h . N o t a b l y , w i t h an i n c r e a s e of P„ n the 
"2° 
upper t e m p e r a t u r e l i m i t of amphibole s t a b i l i t y i n c r e a s e s , amphibole 
becoming a n e a r - l i q u i d u s phase i n both m e l t s a t 6—lOkb. Conversely, 
p l a g i o c l a s e s t a b i l i t y f a l l s c o n s i d e r a b l y . I n the a n d e s i t e ( F i g . 4 . 1 1 A ) , 
p l a g i o c l a s e o n l y precedes amphibole i n the c r y s t a l l i z a t i o n sequence 
below 6kb (P I n the o l i v i n e t h o l e i i t e ( F i g . 4.11B), 
'2° t o 
c o m p o s i t i o n a l l y c l o s e r j ^ t h e b u l k of the Rossland b a s a l t s , t h i s 
c o n d i t i o n occurs between 1.5 and 2kb. S i m i l a r l y , i n o t h e r b a s a l t i c 
m e l t s experimented upon by Helz (1973) and Holloway & Burnham (1972) 
t h e c r y s t a l l i z a t i o n sequence, p l a g i o c l a s e t o amphibole, i s only 
a p p a r e n t a t low P^^ * 
1U 
F i g u r e 4 o l l 
( A ) P Q - T s t a b i l i t y d i a g r a m as d e t e r m i n e d 
f o r t h e nto2 Hood a n d e s i t e by E g g l e r & Burnham (1 9 7 3 ) , 
( B ) P ^ s t a b i l i t y d i a g r a m f o r an o l i v i n e 
2 







800 900 1000 1100 1200 
800 9 00 1000 1100 1200 
Since i t i s a common f e a t u r e i n the v o l c a n i c s b e a r i n g amphibole, 
t h a t amphibole succeeds p l a g i o c l a s e ( S e c t i o n 4 . 1 ) , and i f P . . = P _ » 
t o t , ^ 2^ ^ 
t h e n t h e magmas c o u l d have o n l y c r y s t a l l i z e d i n a s m a l l p r e s s u r e range. 
I n a d d i t i o n , t he c r y s t a l l i z a t i o n sequence o f p l a g i o c l a s e f o l l o w e d by 
amphibole i s a l s o common elsewhere. I n t h e Lesser A n t i l l e s a r c , f o r 
example, i n both p l u t o n i c nodules and v o l c a n i c s ( L e w i s , 1973b; 
W i l l s , 1974; A r c u l u s , 1973), amphibole i s a l a t e phase t o appear as 
a p h e n o c r y s t . Thus, i t seems pro b a b l e t h a t a more g e n e r a l c o n d i t i o n 
e x i s t s , o t h e r t h a n P ^ . ^ ^ ~ '^H 0 ' whereby t h i s c r y s t a l l i z a t i o n sequence 
i s n o t so u n l i k e l y . 
U n d e r s a t u r a t e d ( w i t h r e s p e c t t o H2O) m e l t s might be expected 
t o show a l o w e r i n g of the s t a b i l i z a t i o n t emperature of amphibole. 
I n f a c t , f r o m P ^ = P4. 4. t° about PM n = P4- 4.» o p p o s i t e n 2 U t o t 112^ t o t 
i s t r u e ( E g g l e r , 1972; Holloway, 1973). Holloway ( o p . c i t ) shows t h a t 
t h e r e i s an i s o b a r i c maximum i n the temp e r a t u r e of amphibole 
s t a b i l i t y a t P ^ „ = 0.6 P , , f o r 7.75 kb, and ^ = 0. L P. , at 
t o t 2 t o t 
4.5 kb. For l o w e r degrees o f P ( r e l a t i v e t o P ) than t h e s e , 
n2U t o t 
amphibole s t a b i l i t y d e c l i n e s s h a r p l y . Thu§, as Cawthorn & O'Hara 
(1976) n o t e , s l i g h t l y t o moderat e l y undar^aturated m e l t s show l i t t l e 
d i f f e r e n c e i n t h e r e l a t i v e s t a b i l i t i e s of minerals compared w i t h t o t a l l y 
s a t u r a t e d m e l t s . However, very low P^^ ^  r e l a t i v e t o P^^^ ( l e s s 
t h an about 0.3 P ^ . ^ ^ ) w i l l c r e a t e a s i t u a t i o n where p l a g i o c l a s e w i l l 
precede amphibole over a broad p r e s s u r e range. F i g . 4.12 i l l u s t r a t e s 
t h i s f o r t h e nt. Hood a n d e s i t e a t 5kb ( P ^ ^ ^ ) . Below H2O c o n t e n t s 
o f 2,wt.per c e n t , amphibole s t a b i l i t y shows a marked decrease and 
t h e t e m p e r a t u r e d i f f e r e n c e between the p l a g i o c l a s e - o u t and amphibole-out 
o u t c u r v e s i s over 200°c. At s a t u r a t e d c o n d i t i o n s ( 9 per ce n t H2O), 
t h i s d i f f e r e n c e i s o n l y 50°C. A s i m i l a r t e m p e r a t u r e - d i f f e r e n c e 
i n c r e a s e f o r the o l i v i n e t h o l e i i t e of F i g . 4.1]B ' would p e r m i t such 
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F i g u r e 4.12 
H„0 c o n t e n t - T s t a b i l i t y diagram f o r the 











8 10 12 
Wt % in system 
a magma t o c r y s t a l l i z e p l a g i o c l a s e b e f o r e amphibole up t o 5 or 6 kb, 
or even t o the upper p r e s s u r e l i m i t of p l a g i o c l a s e s t a b i l i t y (7-10 kb ; 
O'Hara, 1968). 
Water c o n t e n t s o f about 2 wt.per c e n t , necessary t o p e r m i t the degree 
of w a t e r u n d e r s a t u r a t i o n d i s c u s s e d , seem a reasonable e s t i m a t e , 
s i n c e a r i s i n g magma w i l l then encounter s a t u r a t e d c o n d i t i o n s a t 
1-2 kb ( e . g . H a m i l t o n & Anderson, 1968), and thus the observed 
c r y s t a l l i z a t i o n sequence of p l a g i o c l a s e , f o l l o w e d by amphibole, 
would n o t be expected t o change. 
I t i s u n l i k e l y , i n c i d e n t a l l y , t h a t a magma can ever reach 
water s a t u r a t i o n , due t o t h e presence of o t h e r v o l a t i l e s and s m a l l 
amounts of d i s s o l v e d s i l i c a t e s i n t h e gas. P a r t i c u l a r l y , the low 
s o l u b i l i t y of CO^ i n s i l i c a t e m e l t s , a t l e a s t below lOkb ( E g g l e r & 
Burnham, 1973), p r e v e n t s water-vapour s a t u r a t i o n . N o r d l i e (1971) 
has shown t h a t most H2O i n r e p o r t e d v o l c a n i c - g a s analyses i s con-
t a m i n a t i o n , and i n f a c t , CO^ + SO^ may be e q u a l l y abundant t o H^ O. 
I n S e c t i o n 4:3 i t was p o i n t e d o u t t h a t i n the Rossland v o l c a n i c s , 
amphibole shows no r e a c t i o n r e l a t i o n s h i p w i t h o l i v i n e or c l i n o p y r o x e n e , 
as i s p r e d i c t e d f o r c o n d i t i o n s o f P „ g r e a t e r than ^ 0.5 P 
"2 t o t 
(Cawthorn e t a l . 1973; Helz, 1973; Holloway & BurnbaEi, 1972). This 
a g a i n appears t o be a f e a t u r e o f t h e Lesser A n t i l l e s v o l c a n i c s , though 
some P l u t o n i c nodules show evidence o f amphibole s e l e c t i v e l y r e a c t i n g 
w i t h c l i n o p y r o x e n e ( W i l l s , 1974). I n t h i s l a t t e r case, t h i s i s 
p r o b a b l y due t o the b u i l d i n g up of H2O i n the trapped mesostasis, 
w h i c h e v e n t u a l l y causes the c l i n o p y r o x e n e t o r e a c t and form 
a m p h i b o l e . Wore u s u a l l y though, amphibole merely p o i k i l i t i c a l l y 
e n c l o s e s c l i n o p y r o x e n e and o t h e r phases ( c f . W i l l s , 1974; A r c u l u s , 
1973). I n the a m p h i b o l e - b e a r i n g b a s a l t s of Bogoslof I s l a n d , 
A r c u l u s e t a l . (1977) a t t r i b u t e the absence of o l i v i n e t o the presence 
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o f a r e a c t i o n r e l a t i o n s h i p between amphibole and o l i v i n e . However, 
A r c u l u s e t a l . ( o p . c i t ) do n o t r e p o r t c l i n o p y r o x e n e being a f f e c t e d 
i n any way, as would be expected f o r h i g h P^^ ^. I t seems, t h e r e f o r e , 
t h a t a consequence of low P i s the disappearance of r e a c t i o n s of 
H2O 
t h e s o r t : 
Amphibole = O l i v i n e + C l i n o p y r o x e n e + L i q u i d 
I f t h i s i s g e n e r a l l y t r u e f o r i s l a n d - a r c magma.^  p e t r o g e n e s i s , 
amphibole f r a c t i o n a t i o n schemes based on h i g h P^ n ( ^ Pj- i-) 
H2U t o t 
e x p e r i m e n t s , f o r example Cawthorn e t a l . (1973) or Cawthorn & 
O'Hara ( 1 9 7 6 ) , are u n l i k e l y t o be r e a l i s t i c . That i s , amphibole 
a l o n e i s u n l i k e l y t o c o n t r o l a l i q u i d l i n e of desc e n t , but o n l y 
c o n t r i b u t e w i t h o l i v i n e and pyroxene, and p o s s i b l y p l a g i o c l a s e , 
t o t h e c r y s t a l e x t r a c t . 
M a g n e t i t e behaviour i s a l s o a f f e c t e d by H2O vapour p r e s s u r e . 
F i g s , 4.11A and 4.12 show t h a t l o w e r i n g of P , or H_0 per cent 
H 2 U ^ 
i s o b a r i c a l l y , causes m a g n e t i t e s t a b i l i t y t o i n c r e a s e . S i n c e , l i k e 
p l a g i o c l a s e and c l i n o p y r o x e n e , m a g n e t i t e appears i n the Rossland 
b a s a l t i c r o c k s b e f o r e amphibole, a low value f o r P., „ i s a g a i n 
" 2 ° 
f a v o u r e d ; though f ^ i s a more i m p o r t a n t d e t e r m i n a n t of Fe-oxide 
s t a b i l i t y . 
At the QFn b u f f e r , e x p e r i m e n t s by Eggler (1972) and Eggler & 
Burnham (1973) show m a g n e t i t e t o o c c u r , i n a n d e s i t i c c o m p o s i t i o n s 
w e l l below the l i q u i d u s . I n a d d i t i o n , i l m e n i t e i s o f t e n a 
s e p a r a t e l y p r e c i p i t a t i n g phase b e f o r e m a g n e t i t e . W i t h i n the 
Rossland v o l c a n i c s , and i n many o t h e r c a l c - a l k a l i n e or i s l a n d - a r c 
r o c k s , t i t a n o m a g n e t i t e i s t h e o n l y Fe-Ti o x i d e p h e n o c r y s t , a p a r t 
f r o m minor C r - s p i n e l ( e . g . Lewis, 1973b). I n p a r t , t h i s i s due t o 
low b u l k - r o c k Ti02 c o n t e n t s ( c f . Carmichael, 1967(0, but as W i l l s (1974) 
shows f o r t h e Lesser A n t i l l e s p l u t o n i c n o dules, T i - m a g n e t i t e + i l m e n i t e 
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o n l y s t a b i l i z e t o g e t h e r below about 9^0°C, Aboue t h i s , t i t a n o m a g n e t i t e 
i s t he o n l y phase. To produce a s i t u a t i o n where T i - m a g n e t i t e i s 
s t a b i l i z e d so e a r l y i n the Rossland u o l c a n i c s , h i g h f^^ i s i n d i c a t e d , 
Helz (1973) shows t h a t as decreases from l\!NO t o QFN b u f f e r v a l u e s , 
the upper t e m p e r a t u r e of m a g n e t i t e s t a b i l i t y decreases and i l m e n i t e 
becomes t h e f i r s t - c r y s t a l l i z i n g o x i d e phase. Thus, i n the Rossland 
magmas f ^ was p r o b a b l y near NNO, which agrees w i t h t h a t i n s a l i c 
2 
VQl c a n i c s c a r r y i n g amphibole and m a g n e t i t e ( C a r m i c h a e l , 1967b) 
I n terms of the t e m p e r a t u r e of c r y s t a l l i z a t i o n , amphibole 
c h e m i s t r y i s an i n d i c a t o r . S p e c i f i c a l l y , the Al"""" c o n t e n t i s a 
f u n c t i o n o f t e m p e r a t u r e ( H e l z , 1 973), The average o f 1,86 Al"""" 
c a t i o n s per u n i t f o r m u l a i n the analysed amphiboles s u g g e s t s , by 
comparison w i t h HBltz%(1973) d a t a , a temperature of about 960°C 
(see a l s o S e c t i o n 4 : 4 ) . Thus m a g n e t i t e i n t h e Rossland magmas 




GEOCHEniSTRY OF THE ROSSLAND UDLCANIC ROCKS 
The d a t a d e s c r i b e d i n t h i s c h a p t e r were produced by X-ray 
f l u o r e s c e n c e s p e c t r o m e t r y , t he d e t a i l s of which, t o g e t h e r w i t h 
t h e d a t a , a r e c o n t a i n e d i n Appendix 2, Due t o t h e i n c o r p o r a t i o n 
o f secondary H2O i n the whole-rock samples, a l l analyses are 
n o r m a l i s e d t o 100 per c e n t on an anhydrous b a s i s , 
5;1 C l a s s i f i c a t i o n 
I n Chapter 4 a p r e l i m i n a r y c l a s s i f i c a t i o n of the v o l c a n i c s was 
proposed based on p h e n o c r y s t c o n t e n t s . Here, t h i s i s extended t o 
tak e i n t o account t h e geochemical v a r i a t i o n of the r o c k s . 
Commonly, w i t h r e g a r d t o c a l c - a l k a l i n e s u i t e s , SiO^ shows a 
l a r g e v / a r i a t i o n and i s thus f r e q u e n t l y used as an i n d i c a t o r of 
d i f f e r e n t i a t i o n , and used t o s u b d i v i d e the s u i t e i n t o b a s a l t , a n d e s i t e , 
d a c i t e and r h y o l i t e ( c f . T a y l o r e t a l , , 1969a). A l k a l i c s u i t e s t h a t 
c h a r a c t e r i s t i c a l l y show a g r e a t e r i n c r e a s e o f a l k a l i s r e l a t i v e t o 
S i 0 2 , compared t o c a l c - a l k a l i c , are best s u b d i v i d e d u s i n g a combined 
i n d i c a t o r , such as d i f f e r e n t i a t i o n i n d e x ( n o r m a t i v e q u a r t z + a l b i t e + 
o r t h o c l a s e + n e p h e l i n e + l e u c i t e . T h o l e i i t i c s u i t e s , e x h i b i t i n g 
s t r o n g or moderate i r o n - e n r i c h m e n t , a l t e r n a t i v e l y , are best i l l u s t r a t e d 
by some measure o f Fe/ng r a t i o . 
W i t h r e g a r d t o t h e Rossland v o l c a n i c s , e x a m i n a t i o n of F i g . 5 . 1 
shows Si02 i s l i m i t e d i n range ( c o e f f i c i e n t of v a r i a t i o n = 5,2 per 
c e n t ) . A l s o , s i n c e Fe, l i k e ng, shows a n e g a t i v e c o r r e l a t i o n w i t h 
S i ( T a b l e 5 . 3 ) , Fe/Mg r a t i o s are o f l i t t l e use. The use of 
d i f f e r e n t i a t i o n i n d e x i s hampered by a l k a l i m o b i l i t y , as w i l l be 
seen. Consequently, a c l a s s i f i c a t i o n scheme has been devised 
which as w e l l as u t i l i s i n g SiO^ such t h a t comparisons can be made 
w i t h o t h e r s u i t e s , uses MgO which among the major o x i d e s shows the 
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F i g u r e 5,1 
Frequency d i s t r i b u t i o n of MgO and SiO^ » 
and t h e i r c o v a r i a n c e . 
F i e l d s 1 , 2 and 3 c o r r e s p o n d t o t h e p e t r o l o g i c 
t y p e s ; a n k a r a m i t i c b a s a l t , b a s a l t and a n d e s i t e , 
r e s p e c t i v e l y , and as d e f i n e d i n the t e x t . Open 
squares - p y r o x e n i t e s ; d o t s - a m p h i b o l i s e d 





CL E o to 
0 
d 3 0 
. n 








^ 10 , • , 
X *» X 
• X X », ,x 
• X • • X X 
* • , XX X X 
X« •« X X'X X. • « 
» X X . XX X ... X X 
a • • XX. x» / X ,x 
o o e ,)0( .X . X X « 
» • >*x / >: • • * 
0 
/.o 50 55 
Wt%SiOo 
60 
h i g h e s t c o e f f i c i e n t o f v a r i a t i o n (33 per c e n t ) . T h is c l a s s i f i c a t i o n 
a l s o p e r m i t s a r e a s o n a b l e l i n k w i t h t he p e t r o g r a p h i c v a r i a t i o n a l r e a d y 
d e s c r i b e d . F i g . 5.1 shows the d i s t r i b u t i o n of MgO and SiO^, and 
t h e i r c o v a r i a n c e . The MgO - Si02 p l o t ( F i g , 5,1) i l l u s t r a t e s how 
t h e s e r i e s i s s u b d i v i d e d , though somewhat - a - r b i t r a f e i l y . Together 
w i t h t h e p h e n o c r y s t abundance, the s u b d i v i s i o n s of the s e r i e s a r e : -
( l ) A n k a r a m i t i c B a s a l t : 
C l i n o p y r o x e n e > 30 per c e n t v o l . 
P l a g i o c l a s e < 10 " " 
( 2 ) B a s a l t : 
C l i n o p y r o x e n e 15-30 " 
P l a g i o c l a s e 30-10 " 
( 3 ) A n d e s i t e : 
C l i n o p y r o x e n e < 15 " 
P l a g i o c l a s e > 30 " 
" v o l . 
" v o l . 
" v o l . 
" v o l . 
Si02 < 50 per cent wt. 
MgO > 9 " wt. 
SiO^ 48-54 " " wt, 
MgO 9- 5 " " wt. 
SiO^ > 54 " w t , 
ngO < 5 " " wt. 
I n some i s l a n d - a r c s u i t e s , b a s a l t i c a n d e s i t e i s d e f i n e d between 
r o c k s o f b a s a l t i c and a n d e s i t e c o m p o s i t i o n , and they cover a range 
o f about 54 t o 57 per c e n t Si02 ( e . g . Baker, 1968a), Here, due t o 
t h e r e l a t i v e s p a r s i t y of r o c k s w i t h Si02 c o n t e n t s of over 54 per 
c e n t , no such d i v i s i o n i s made. 
5:2 Element m o b i l i t y i n h y d r o t h e r m a l l y a l t e r e d b a s a l t i c r o c k s 
I t has a l r e a d y been p o i n t e d o u t t h a t a l l of the v o l c a n i c s 
have s u f f e r e d some degree of h y d r o t h e r m a l a l t e r a t i o n . The n a t u r e 
o f t h i s i s d i s c u s s e d i n more d e t a i l i n Chapters 6 and 7. However, 
i n g e n e r a l , a l t e r a t i o n v a r i e s f r o m a r e l a t i v e l y low-grade development 
of c h l o r i t e , c a l c i t e , e p i d o t e and s e r i c i t e , w h i l s t igneous c l i n o -
pyroxene and amphibole a re r e l i c t phases, t o upper g r e e n s c h i s t f a c i e s 
metamorphism. The l a t t e r degree o f a l t e r a t i o n i n v o l v e s 
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r e c r y s t a l l i z a t i o n o f a l l p r i m a r y phases t o amphibole, b i o t i t e , 
c h l o r a t e , e p i d o t e and c a l c i t e , b u t r e t e n t i o n , more or l e s s , o f 
i g n e o u s t e x t u r e s . Since many a u t h o r s have shown t h a t c e r t a i n 
e l ements become mobile under these c o n d i t i o n s , a b r i e f r e v i e w 
of t h i s problem i s p r e s e n t e d here w i t h a view t o examining p o s s i b l e 
changes i n the c h e m i s t r y of the Rossland v o l c a n i c s . 
Pearce ( 1 9 7 6 ) , i n d i s c u s s i n g the major element p a t t e r n s of 
b a s a l t s , d e l i m i t s t h r e e major processes of a l t e r a t i o n . These a r e j 
submarine w e a t h e r i n g , s u b a e r i a l w e a t h e r i n g and s p i l i t i z a t i o n . 
T a ble 5.1, taken f r o m Pearce ( o p . c i t . ) , s h o w s how i n g e n e r a l the 
major o x i d e s behave d u r i n g these processes. 
D u r i n g submarine w e a t h e r i n g , a p a r t f r o m t h e t e n d e n c i e s shown 
i n Table 5,1, t r a c e elements such as K, Rb and Cs t e n d t o i n c r e a s e 
r a t h e r s t r o n g l y ( H a r t , 1959; H a r t & Nalwalk, 1970; Hart e t a l . , 
1 9 7 4 ) , Enrichments f o r K and Rb quoted by Hart (1969) are 2.2 
and 5,0, r e s p e c t i v e l y . Such enrichments can occur where the 
b a s a l t has been merely d i s c o l o u r e d by w e a t h e r i n g . A l s o , as would 
be e x p e c t e d , K/Rb decreases w i t h w e a t h e r i n g . P i l l o w margins and 
g l a s s y phases w i t h i n b a s a l t i c r o c k s are even more s u s c e p t i b l e t o 
c h e m i c a l a l t e r a t i o n , e s p e c i a l l y i f p a l a g o n i t i z a t i o n has o c c u r r e d 
i n v o l v i n g uptake o f K and r e l a t e d alements ( S c a r f e & Smith, 1977). 
Sr i s a p p a r e n t l y more stable during sea-floor weathering ( H a r t , 1969; 
Cann, 1970) and would, t h e r e f o r e , be a s a f e r i n d i c a t o r of the 
o r i g i n a l , igneous abundance, though by no means t o t a l l y r e l i a b l e . 
S u b a e r i a l w e a t h e r i n g t y p i c a l l y i n v o l v e s l e a c h i n g of elements 
such as Ca, Mg, l\la and K, w h i l s t Fe and A l t e n d t o remain f i x e d , 
though as a percentage would i n c r e a s e ( L i s i t s y a n a , 1969). 
The e f f e c t o f e i t h e r of t h e above processes on the Rossland 
samples i s hard t o assess, s i n c e o v e r p r i n t i n g o f h i g h e r grade 
a l t e r a t i o n has o c c u r r e d . P i l l o w l a v a s have n o t been observed 
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TABLE 5.1 
MDOH ELEP1ENT MOBILITIES DURING BASALT ALTERATION 
(AFTER PEARCE,1976) 
( 1 ) Submarine w e a t h e r i n g 
ver y mobile + H2O, + Fe202/Fe0, + K2O, - CaO, - MgO 
mo b i l e - Na20, - Si02 
s l i g h t l y m o bile + t o t a l Fe, + Ti02 
i m m o b i l e '^ 2^*^ 3 
( 2 ) S u b a e r i a l w e a t h e r i n g 
v e r y mobile - CaO, - Na20, - K2O, - HgO, + H2O 
, m o b i l e - Si02 
i m m o b i l e t o t a l Fe, AI2O2, Ti02 
( 3 ) S p i l i t i z a t i o n 
v e r y mobile - CaO, - AI2O2, + H2O 
m o b i l e + Na20, + Si 0 2 , + (HgO + FeO), - K2O 
imm o b i l e T i 0 2 , Fe^O^/FeO 
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or sampled, thus problems r e g a r d i n g chemical h e t e r o g e n e i t y i n 
p i l l o w s s h o u l d have been a v o i d e d . However, as was shown i n 
Chapter 3, marine c o n d i t i o n s were p r e v a l e n t d u r i n g the a c c u m u l a t i o n 
o f t h e v o l c a n i c s , and i n d i v i d u a l f ragments i n t h e agglomerates and 
c o n g l o m e r a t e s , f r o m which many samples were t a k e n , c o u l d have undergone 
r 18 ^ 
low t e m p e r a t u r e c h e m i c a l exchanges w i t h sea w a t e r . 6 0 v a l u e s 
f o r t h e Rossland samples (see C h a p t e r s ) do n o t c o n t r a d i c t t h i s 
i n t e r p r e t a t i o n , s h o w i n g e n r i c h m e n t s s i m i l a r t o weathered oceanic 
b a s a l t s (Muehlenbachs & C l a y t o n , 1972a). 
S p i l i t i z a t i o n i s now g e n e r a l l y regarded as secondary 
h y d r o t h e r m a l a l t e r a t i o n of p e r f e c t l y normal b a s i c v o l c a n i c s 
( l / a l l a n c e , 1969, 1974; Batfcey, 1974). The ' c h a r a c t e r i s t i c ' l\la 
e n r i c h m e n t o f s p i l i t e s i s n o t i n r e a l i t y a g e n e r a l f e a t u r e , s p i l i t e s 
b e i n g b e t t e r d e f i n e d as m i n e r a l o g i c a l assemblages i n v o l v i n g , t y p i c a l l y , 
i g n e o u s pyroxene, c h l o r i t e and a l b i t e . Such assemblages are common 
i n burial-metamorphosed g e o s y n c l i n a l sequences as d e s c r i b e d , f o r 
example, by Smith (1968) or D o l l y ( 1 9 7 0 ) , They are a l s o p r e s e n t 
i n the oceanic c r u s t (Cann, 1969), 
The presence o f abundant H^ O d u r i n g low-grade s p i l i t i z a t i o n 
p rocesses has t h e e f f e c t of r e d i s t r i b u t i n g , sometimes q u i t e s e v e r e l y , 
c e r t a i n e l e m e n t s , p r o d u c i n g patchy m i n e r a l o g i c a l zones. The 
m o b i l i t y of Ca and Mg p a r t i c u l a r l y i s demonstrated by Smith (1968^ 
and Reed & Morgan (1971) as being necessary t o produce c h l o r i t e - r i c h 
e p i d o t e - r i c h patches i n o r i g i n a l b a s a l t and p y r o c l a s t i c s , Floyd 
(1976) has a l s o noted s i m i l a r c h e m i c a l changes i n the S.W. England 
g r e e n s t o n e s , a s s o c i a t e d w i t h v a r i a t i o n s i n Fe^O^/FeO and H2O which 
t e n d t o be a n t i p a t h e t i c . Low H2O, h i g h Fe^O^/feO f a v o u r s e p i d o t e 
development and CaO c o n c e n t r a t i o n , w h i l s t t h e o p p o s i t e f a v o u r s 
c h l o r i t e a r MgO-rich c o n c e n t r a t i o n s . 
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Chemical changes d u r i n g s e a - f l o o r s p i l i t i z a t i o n u s u a l l y 
i n v o l v e l o s s of Ca, A l and K, and g a i n of l\la. S i , Fe & ng (Cann, 
1969; Nelson & Man A n d e l , 1966). The r e v e r s e d behaviour o f 
K20» w i t h r e s p e c t t o s e a - f l o o r w e a t h e r i n g ( T a b l e 5 . 1), a l s o a p p l i e s 
t o Rb and Ba. Also d e p l e t e d i n oceanic s p i l i t e s or green s t o n e s , 
when compared t o f r e s h b a s a l t s , i s S ^^0 (nuehlenbachs & C l a y t o n , 
1972b), T h i s i s the r e s u l t o f r e l a t i v e l y h i g h temperature (300°C) 
i n t e r a c t i o n between l a r g e volumes of sea-water and b a s a l t . The 
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e n r i c h e d , r a t h e r t h a n d e p l e t e d , 6 0 value s f o r the Rossland 
samples i n d i c a t e t h i s process never o c c u r r e d (Chapter 8 ) , 
S p i l i t i z a t i o n o f a s i n g l e l a v a f l o w i n s h a l l o w - w a t e r c o n d i t i o n s 
i s r e p o r t e d by V/allance ( 1 9 7 4 ) , I n t h i s case K, Rb, Ba and Sr are 
a l l s u b s t a n t i a l l y e n r i c h e d , i n c o n t r a s t t o the s e a - f l o o r case. 
E n r i c h m e n t s r e p o r t e d by U a l l a n c e ( o p . c i t - ) f o r t h e above elements are^ 
r e s p e c t i v e l y ^ about 4, 40, 10 and 3. I^luch s m a l l e r e n r i c h m e n t s , 
however, are r e p o r t e d f o r o t h e r s i t u a t i o n s ; f o r example, the S.U. 
England greenstones ( F l o y d , 1 976), some a m p h i b o l i s e d gabbros ( F i e l d 
& E l l i o t , 1974) and some o p h i o l i t i c b a s a l t s ( C o i s h , 1977). 
The m i n e r a l o g i c a l assemblages f o r the lower-grade v o l c a n i c s 
o f t h e Rossland area are c l e a r l y s p i l i t i c by the above d e f i n i t i o n s . 
H y d r a t i o n and o x i d a t i o n are a l s o comparable w i t h o t h e r s p i l i t e s 
( F i g . 5 , 2 ) , Thus, on t h e b a s i s o f the above d i s c u s s i o n element 
m o b i l i t y can be e x p e c t e d , p a r t i c u l a r l y w i t h r e g a r d t o K, Rb and Ba. 
C e r t a i n e l e m e n t s , however, appear t o be immobile under the 
v a r i o u s c o n d i t i o n s d e s c r i b e d above, and so l o n g as no net l o s s 
or g a i n o f m a t e r i a l has o c c u r r e d these s h o u l d r e t a i n t h e i r igneous 
abundance l e v e l s . H a r t e t a l . (1974) observed t h a t d u r i n g s e a -
f l o o r w e a t h e r i n g t h e elements T i , Zr, U, Zn, Cr, Y, Mb and Sr 
changed l i t t l e . S i m i l a r l y , under h i g h e r grade processes the 
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F i g u r e 5.2 
Weight % v e r s u s Fe202/Fe0 f o r wet 
c h e m i c a l l y a n a l y s e d samples (Appendix 2 ) , 
Dashed l i n e i s t h e f i e l d o f s p i l i t e s d e f i n e d 
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elements Y, Nb, T i and Zr are p a r t i c u l a r l y s t a b l e (Cann, 1969; 
1970; C o i s h , 1977; U a l l a n c e , 1974; F i e l d & E l l i o t , 1974). 
5:3 Element m o b i l i t y i n t h e Rossland v o l c a n i c s 
I n o r d e r t o g a i n some i n s i g h t i n t o whether the Rossland 
v o l c a n i c s have s u f f e r e d any b u l k c h e m i c a l changes d u r i n g t h e i r 
a l t e r a t i o n h i s t o r y , some s t a t i s t i c a l data were c a l c u l a t e d . The 
v o l c a n i c s sampled and a n a l y s e d c o n s i s t of a heterogeneous assemblage 
of f r a g m e n t s from the agglomerates and b r e c c i a s , w i t h some f i n e -
g r a i n e d t u f f a c e o u s and v o l c a n ^ i c l a s t i c r e p r e s e n t a t i v e s . A l t e r a t i o n , 
b o t h t e x t u r a l l y and m i n e r a l o g i c a l l y , i s very v a r i a b l e . From t h i s 
s u i t e t h e n , t h r e e groups were s e l e c t e d f o r i n t e r c o m p a r i s o n . Group A 
( T a b l e 5.2) c o n t a i n s a l l v o l c a n i c s from the a m p h i b o l i s e d zone (zone A 
as d e f i n e d i n Chapter 6 ) ; Group B, those v o l c a n i c s d i s p l a y i n g 
• s p i l i t i c * assemblages and r e p r e s e n t i n g a lower grade o f a l t e r a t i o n 
(zone A,, Chapter 6 ) . From groups A and B a t h i r d , C, was s e l e c t e d 
which c o n t a i n s samples w i t h t h e l e a s t t e x t u r a l a l t e r a t i o n . 
Table 5.2 shows the means and s t a n d a r d d e v i a t i o n s f o r each 
o x i d e or element f o r each group. Comparing i n i t i a l l y A and B, i t 
can be seen t h a t a l l e l e m e n t s , e x c e p t dg , Ni and Cr, compare w e l l 
i n b o t h v a r i a b i l i t y and average abundance. The reasons f o r the 
h i g h e r MgO, Ni and Cr i n group A i s due t o t h e f a c t t h a t a l l 
a n k a r a m i t i c samples c o n t r i b u t e t o t h i s group. S l i g h t d i f f e r e n c e s 
i n S i 0 2 , AI2O2 and Z r , f o r example, are a l s o a t t r i b u t a b l e t o t h i s 
cause. Elements t h a t show l e s s v a r i a t i o n w i t h d i f f e r e n t i a t i o n 
such as T i 0 2 , ^2^5 "^^ "^  ^^'^ which are a l s o c o n s i d e r e d immobile 
( F l o y d & W i n c h e s t e r , 1975; Pearce & Cann, 1973), show almost 
i d e n t i c a l abundances. There i s , t h e n , no i n d i c a t i o n i n t h i s data 
t h a t t h e t r a n s i t i o n f r o m s p i l i t i c t o upper g r e e n s c h i s t f a c i e s i n v o l v e s 
any s i g n i f i c a n t changes. T h i s i s i n c o n t r a s t t o t h e S o f a l a v o l c a n i c s 
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TABLE 5.2 
WEANS AND STANDARD D E V I A T I O N OF GROUPS A,B,C 1 i^ND B' 
AS D E F I N E D I N THE T E X T ( D . 1 2 8 ) 
A B c B' 
Wt.fo X- s.d. X s.d. X s.d. X s.d. 
SiO^ 50.80 2.85 52.32 3.09 51.64 2.80 52.40 3.25 
TiO^ 0.86 0.16 0.89 0.12 0.87 0.13 0.90 0.12 
AI2O3 12.59 2.17 13.83 1.45 13.50 1,95 13,50 1.61 
^^2°3 12,06 1.61 11.52 1.66 
11,52 1,56 11.69 1.68 
MnO 0.20 0.04 0.18 0.03 0,18 0.04 0,19 0.03 
MgO 8.81 3.20 7.04 1.83 7,63 2.35 7.21 1.89 
CaO 9.90 2.62 9.30 2.76 9,31 2.11 9.66 3.23 
Na20 2.66 1.07 2.80 0.88 2.91 0,86 2.67 0.86 
K^ O 1.81 0.90 1.66 0,72 2.05 0.86 1.37 0.54 
P2°5 0.31 0.11 0.29 
0.08 0.32 0.09 0.27 0,07 
ppm 
Cu 94 79 63 37 82 71 62 32 
i\li 80 106 43 42 56 65 44 45 
Cr 335 334 167 162 218 227 179 162 
Ba 665 331 740 342 787 354 645 296 
Nb 4 1,8 4 1.4 4 1.6 4 1,5 
Zr 87 32 99 20 97 27 95 21 
Y 17 3.8 17 3.8 18 3.8 17 3,9 
Sr 698 274 718 272 772 225 668 285 
Rb 47 30 42 17 50 28 37 17 
Zn 107 51 105 48 96 19 110 59 
Ce 17 10 20 10 19 7 21 11 
La 4 7 8 7 7 6 8 6 
U 276 75 265 69 276 61 258 79 
>< mean 
s,d, s t a n d a r d d e v i a t i o n 
* A l l Fe expressed as ^ 020^ 
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( B a r r o n & B a r r o n , 1 9 7 6 ) , which have a l t e r e d e x t e n s i v e l y t o c a r b o n a t e -
t r e m o l i t e - c h l o r i t e assemblages and which have l o s t SiD2, CaO and 
a l k a l i s , w h i l s t MgO has i n c r e a s e d . 
S i m i l a r l y , group C means and v a r i a n c e s compare w e l l w i t h both 
A and B, b e a r i n g i n mind the sampling b i a s r e f e r r e d t o above. I n 
p a r t , t h i s i s ex p e c t e d s i n c e C i s drawn from A and B, b u t i t tends 
t o i n d i c a t e , n e v e r t h e l e s s , t h a t average abundances are r e t a i n e d 
d e s p i t e v a r y i n g degrees o f t e x t u r a l d i s r u p t i o n . 
There i s a s l i g h t tendency f o r group C t o be e n r i c h e d i n K, 
Ba, Rb and Sr r e l a t i v e t o A or B. I f from B a l l those samples 
c o n t r i b u t i n g t o C a r e removed and the remainder (B') averaged 
( T a b l e 5 . 2 ) , t h i s tendency i s enhanced. This suggests a p r e f e r e n t i a l 
l o s s o f those elements where the rock i s f i n e l y b r e c c i a t e d , f r a g -
mentary or sheared. T h i s c o u l d be due t o l e a c h i n g as a r e s u l t of 
t h e e a s i e r access of the h y d r o t h e r m a l f l u i d s d u r i n g a l t e r a t i o n . 
T h i s l o s s o f K, Rb and Ba i s t h e r e v e r s e o f t h a t quoted above 
f o r low-grade submarine w e a t h e r i n g , or s p i l i t i z a t i o n of the s o r t 
r e p o r t e d by U a l l a n c e (1974) where these elements are s t r o n g l y 
e n r i c h e d . However, i n t h e absence of p e r f e c t l y f r e s h m a t e r i a l 
i t i s i m p o s s i b l e t o prove c o n c l u s i v e l y which way, i f any, the mobile 
elements have gone. 
The immobile elements Y, Mb, Zr and T i remain f i x e d i n a l l 
g r o u p s , e x h i b i t i n g v e r y s i m i l a r means and v a r i a n c e s . Also 
a p p a r e n t l y immobile i n the t h r e e groups a re the elements Mn» 
Zn, Ce and La. 
A d d i t i o n a l i n f o r m a t i o n c o n c e r n i n g the secondary movement of 
elements can be o b t a i n e d f r o m t h e c o r r e l a t i o n m a t r i c e s of the 
groups d e f i n e d above. Cann (1970, 1971) showed how some elements 
m a i n t a i n c o h e s i o n d u r i n g a l t e r a t i o n by comparing c o r r e l a t i o n m a t r i c e s 
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f o r f r e s h and a l t e r e d oceanic b a s a l t s . Again, i n t h e absence of 
p e r f e c t l y f r e s h r e p r e s e n t a t i v e s , the best t h a t can be done i s t o 
i n t e r - c o m p a r e the v a r i o u s groups. 
Table 5,3 shows the c o r r e l a t i o n m a t r i c e s f o r A, B and C 
w i t h a l l s i g n i f i c a n t c o r r e l a t i o n s i n d i c a t e d . For t r a c e elements 
i t i s s u i t a b l e t o use a n u l l model of = 0 f o r s i g n i f i c a n c e 
t e s t i n g , b u t between major elements c l o s u r e problems impose 
n e g a t i v e c o r r e l a t i o n on the v a r i a b l e s (Chayes, 1971), S i g n i f i c a n c e 
was t h e r e f o r e assessed u s i n g t h e computer r o u t i n e of Zordrow ( 1 9 7 4 ) , 
which i s based on Chayes' (1971) a n a l y s i s . T h i s i s n o t t o t a l l y 
s a t i s f a c t o r y but i s p r o b a b l y a much b e t t e r i n d i c a t i o n than u s i n g 
= 0. 
C o n s i d e r i n g f i r s t l y the elements K, Rb and Ba, a n o t a b l e 
f e a t u r e i s t h a t t h e y c o r r e l a t e p o o r l y w i t h a l l o t h e r elements, but 
amongst themselves show s i g n i f i c a n t p o s i t i v e c o r r e l a t i o n s . This i s 
e v i d e n c e o f t h e i r m o b i l i t y and t h e f a c t t h a t a l l t h r e e were s i m i l a r l y 
a f f e c t e d . Sr a l s o shows s i g n s of behaving a n a l o g o u s l y t o K, Rb and 
Ba b u t i t s c o r r e l a t i o n s w i t h these elements are weaker. That Sr 
appears t o c o r r e l a t e s i g n i f i c a n t l y w i t h Zr a l l groups, suggests 
i t was more, stable and, as suggested above, may be a more r e l i a b l e 
i n d i c a t o r of magmatic abundances. 
That K, Rb and Ba, d e s p i t e being m o b i l e , may have r e t a i n e d , 
on a v e rage, t h e i r igneous abundances i s suggested by o t h e r evidence. 
I n Chapter 4 i t was proposed t h a t the appearance of amphibole i n 
r o c k s o f b a s a l t i c c o m p o s i t i o n i s i n d i c a t i v e of a l k a l i n e a f f i n i t i e s 
f o r t h e v o l c a n i c s . I n a d d i t i o n , the c h e m i s t r y of the amphiboles and 
the r a r e o c c u r r e n c e o f p r i m a r y b i o t i t e a l s o i m p l i e s r e asonably h i g h 
K2O v a l u e s i n t h e o r i g i n a l l a v a s . On the b a s i s of F i g .4 i n Dakes 
& White (ig72a), the K c o n t e n t s of the Rossland v o l c a n i c amphiboles 
i n d i c a t e a whole-rock K2O v a l u e o f g r e a t e r t h a n 1.5 per c e n t . This 
131 
TABLE 5.3A GROUP A CORRELATION HATRiX( * = SIGT. AT 5111 
SI02 AL203 •FE20 2 CAO NA20 K 2 0 TI02 
SU12 1 .nco 0.353 -O.a iA -0 .563 -0.5.18 0.555 0.060 - 0.459 
AL2n3 0.33!?? • -—i^-OiO - 0 . 2 1 6 -0 .222 - 0 , .C 16 0.50 2 0.088 -0 .060 
Ffi203 -0.(114» - u . T T g — - • UiHiO 0.488 0.3^5 - 0 . 54 1 •0.291 0.544 
MGO -0.5.13* -0 .232 OTMTPC-- UXLOO 0 . U 7 - 0 . 6 7 4 -0 .258 0.070 
CAU -0 ,588 - 0 . 81 6» 0 . 3 3 5 * oTiTT—• ^—-UKL - .1 .479 0,00 5 0.235 
NA20 0.55 5 * 0.50 2* - 0 . 5 4 I * - 0 . 6 7 4 * 
0.005 
1. ,^0 0.08 2 -0 .129 
K2CI 0.060 0,0113 - 0 . 2 9 1 -0 .258 0.0i;2 —U-QQO - 0 . 322 
TID2 - 0 . 0 6 0 0 . 5'.4 * C.070 0,235 -0 .12 9 -or jJTir— •—l-»^i^in 
HN,) - 0 . 5 2 2« -0 . ' *?6« 0.5<;7* 0 . 196 0 ,509* - 0 . 37C* - 0 . 119 oTTfl? 
P205 - 0 . IB2 0.C67 0 . 0 84 - 0 . 2 0 " 0.128 0,06 8 U.500f - 0 . 0 4 9 
CI) - 0 . 3 6 2* - 0 .031 0.37 5 * 0. 243 C. 178 - 0 . 2 5 5 -0.01V -0 .066 
NI - -o .2 ' ;3»- -o.?o.:,»- 0 .10° 0.5'^3« 0 . 2 6 9 * - 0 . 4 3 4 * - 0 . 1 5 1 - 0 . 0 5 6 
CR -0.3^.3 », - 0 . 3 5 7 * 0.164 0. 5 56 *. 0 . 3 2 1 * - 0 . 395 * -0 .246 - 0 . 0 2 2 
RA 0.1 O"! 0.077 - 0 . 2 0 6 -0 .207 0.00 7 0.034 0 . 768 - 0 , 170 -0 .06 5 NH 0.2S1» 0. - 0 . 2 1 5 
-0 .184 
-0 .003 
-Co 222 -0 .137 0.212 0.020 
ZR 0 . 5 0 2 * - 0 . 3 0 4 * - 0 . 338 * 0. 220 0.076 -0 .022 Y 0.011 0 . 2 * -0 .100 -0 .154 0.056 0.062 0 .303* -0 .165 SR 0.22'5 O.O60 - 0 . 1 9 3 0.020 - 0 . 0 5 0 0 . 3 4 2 * 
RR 0.132 0.015 -0 .352 * - 0 . 2 4 3 0.053 0.113 0 .83P* • - 0 . 332* 
ZN 0.206 0. 182 0.04 4 - 0 . : ] 5 -0 .294 * 0.142 -0 .182 0 .1 ao 
CE - O . l ' J o -0 .C44 0 . i04 -G.037 0. 122 - 0 . 016 - 0 . 2 4 5 0. 1 72 
LA - 0 . 2 1 6 -0 .032 0.258 0.148 0.022 -0 .046 -0 .068 - 0 . 0 2 2 
V - 0 . 5 ^ 5 * 0.067 0 . 6 5 8 * 0 . 2 8 5 * C. 103 - 0 . 1 5 1 -0 .062 0 .441 *; 
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-0 .255 
-0 .011 
- O . O b o 
0.196 
0.058 
0 . 2 4 O 
0 . 0 9 8 
0.099 
- 0 . 2 3 4 
- 0 . 2 37 
- 0 . 2 4 3 
0.037 
- O . O 0 6 
-0 .156 
- 0 . 0 2 5 
0 . 3 3 6 * 
0. 3 1 9 * 
CE 
SI 02 -0 .195 
AL203 - 0 . 0 4 4 
Fe203 0.3C4 
MGO -0 .037 
CAO 0.122 
NA20 -0 .016 




CU - 0 , 0 2 5 
NI -0 .09 4 
CR -0 .096 
BA -0 .322 
NB 0.225 
ZR 0. 274 
Y 0.146 
SR 0.1 59 
RB - 0 . 2 0 2 
ZN 0.449 
CE l»i l( j0 








-0 .4 34 
-0 .151 
-0 .056 
0 . ^31 
-0 .308 
0.24;) 
I ) . 7 ^ 
-0 .223 
-0 ,218 
- 0 . 3 0 9 * 
-0 .018 
- 0 . 2 88 * 
- O . O O H 
- O o 149 





0 ,03 2 
0,258 
0.143 
0 . 0 2 2 
0.046 




0 . 3 36 
0.120 
0.055 





. 1 , 1 1 . 7 






- 0 , 3 4 3 
- 0 . 3 5 7 
0 . 1 6 4 
0 . 5 5 a 
0 . 3 2 1 
- 0 . 3 9 5 
- 0 . 2 4 6 
- 0 . 0 2 2 
• j . 1 2 4 
- 0 . 2 6 6 
O.J 9 8 
0 . 7 6 2 
" J. -1O 
- 0 . 
- 0 . 0 5 0 
- 0 . 2 1 6 
- 0 . 0 5 9 
- 0 , 2 47 
- 0 . 0 3 2 
- 0 . 1 3 7 
- 0 , J 9 6 
0 . 0 55 
O.Of 5 





































i n f i l l 0 
0, -04^" 





















0.0 ' . 3 
" I . ) 
0.1157-
0,059 











-0 ,338 C.220 
0.076 
-0..:i2 2 





- 0 , 0 6 1 
0,152 
- - TO 
0 , 
0 . 5 1 1 " 
- 0 . 0 2 6 
0,087 








































0. i = r 
0.149 

















- 0 . 0 7 5 
-0 .060 
- 0 . 3 4 6 1 
- O . O R U . 































TABLE 5 . 3 R CROUP 6 C n R R t L 4 T I C N MATR1X( * = S I G T . AT 55:) 
SIC12 
AL203 
F F 2 0 3 
MC.U 
C A O 
NA20 
K2C1 
T I 0 2 















S I 0 2 
AL203 





T I D 2 
MNin 















i . i a o 
0 . 5 6 1 
- 0 . 7 8 6 * 
- 0 . 6 6 c 
- 0 . 5 1 1 
0 . 5 2 7 » 
0 . 1 5 0 * 
0 . 0 2 2 
- 0 . 5 3 9 * 
0 . 04 7 
0 . 0 5 3 
- 0 . 4 6 4 » 
- 0 . 6 2 4 « 
0 . 2 6 2 ' > 
0 . 3 8 9 « 
0 . 4 2 1 * 
0 . 3 1 4 « 
0 . 3 ' . 7 » 
0 . 0 7 1 
- 0 . 2 5 0 » 
0 . 1 0 2 
- 0 . 0 0 5 
- 0 . 2 9 5 * 
C E 
AL203 
0 . 5 6 1 
- O o S l 
- 0 0 6 2 9 * 
- O o 7 7 5 » 
0 . 7 2 4 * 
0 . 3 0 B « 
0 . 3 7 3 •> 
- U . 5 7 1 * 
U . 2 , ' . 2 
0 . 1 3 4 
- 0 . ' . 3 1 » 
- 0 . 6 5-> *• 
0 . 2 3 4 * 
0 . 4 7 f l » 
0 , 4 6 7 » 
0 . 5 3 1 » 
0 . 3 3 6 * 
0 . ^ 2 ' > « 
- o . r . 3 i * 
0 . 1 8 6 
0 . 1 0 6 
- 0 . 1 1 0 
F E 2 0 3 
>.786 
/ . E 1 7 
0 . 5 
0 . 3 1 4 » : 
- 0 . 5 5 9 » 
- 0 . 2 1 0 » 
0 , 0 9 2 
0 . 5 2 8 » 
- U . 0 6 0 
- 0 . 0 0 2 , 
0 . 2 4 1 * 
- 3 . : 2 2 " 
- 0 . 4 2 3 » 
- 0 . 3 9 4 » 
- 0 . 3 1 9 « 
- 0 . 2 5 5 » 
- 0 . 0 2 « 
0 . 3 1 3 * 
- 0 . 0 9 3 
0 . 0 1 9 
0 . 3 5 1 * 
M G O C A O NA2n K 2 0 T i n 2 mo P 2 0 5 
0 . 6 6 6 - 0 . 5 1 1 0 . 5 2 7 0 . 1 5 0 0 . 0 2 2 - 0 . 5 3 9 0 . 3 4 7 
0 . 6 2 9 - 0 . 7 7 5 0 . 7 2 4 0 . 3 0 8 0 . 3 7 3 - 0 . 5 7 1 0 . 2 2 2 
0 . 5 2 7 0 . 3 ! 4 - 0 . 5 5 9 - 0 . 2 1 0 0 . 0 9 2 0 . 5 2 8 - 0 . 0 ^ 0 
-l^aijJO 0 . 2 0 0 - 0 . 7 3 6 - 0 . 5 1 2 - 0 . ' . 3 8 0 . 3 1 7 - 0 . 3 5 6 
O T J I H T * - - i - » a i ' 0 - 0 , 4 4 4 - 0 . 1 4 5 - 0 , 1 7 8 0 . 5 4 5 - 0 , 0 8 7 
0 . 7 3 6 » - 0 . 'i^^T-*^ — u x o o 0 . 2 4 6 0 . 4 0 1 - 0 . 4 3 6 0 . 2 0 ° 
0 . 5 1 2 X - 0 . 1 4 5 0 . 2 4 C " K - - UHQO 0 . 2 9 5 - 0 . 0 6 8 0 . 5 2 9 
0 o 4 3 r i * - 0 . 1 7 8 0 . 4 U 1 > » o.z^-— — w i i i l o - 0 . 1 1 6 0 . 2 8 9 
0 . 3 1 7 " 0 . 5 4 5 " * - 0 , 4 3 6 * - 0 . 0 6 8 - O . I T T T — - — i - o i a o - 0 . 0 5 7 
0 . 3 5 6 * - U . 0 S 7 0 . 2 0 9 0 . 5 2 9 * 0 . 2 8 9 * - o r o s T — 
0 . 1 5 1 - 0 . 0 8 4 0 , 1 7 3 0 . 0 5 4 0 . 1 1 4 0 . 0 4 8 0 . 1 5 4 
0 . 0 0 6 » 0 . 1 1 3 - 0 . 54 7 « - 0 . 3 0 7 * - 0 . - 6 4 7 « 0 . 0 ^ 5 - 1 1 . 2 4 3 *-
0 . 9 0 3 ' 0 . 2 3 0 " - n . 6 ' 5 4 « - 0 . 4 8 4 * - 0 . 6 2 4 »• 0 . 3 3 4 » - 0 . 3 7 ? 
0 , 4 5 3 * - 0 , 1 3 3 0 . 2 4 6 »• 0 . 6 3 1 • 0 . 2 5 2 « - 0 , 2 2 1 ' ' * 
0 . 3 3 1 « - 0 , 3 8 0 » 0 , 3 2 1 » 0 . 2 2 3 * 0 . 1 6 = - 0 , 3 J 9 i i l . 2 6 5 
0 . 5 1 1 * - 0 , 2 6 1 « 3 . 3 3 3 " 0 . 3 6 ) » 0 . 2 9 0 n - 0 . 2 0 7 "^ o 3*^7 
6 . 4 2 1 
' 1 . 5 0 5 
0 . 5 0 4 * 
0 , 6 1 0 -
- 0 , 3 5 2 » 0 . 4 9 0 * 0 . 3 9 8 * 0 . 5 5 7 ». - 0 . 1 9 3 < 
- 0 . 3 8 4 0 . 2 8 7 » 0 . 5 5 5 <• J . 2 3 5 * - 0 . 0 6 2 
0 . 3 7 0 «• - 0 . 1 3 5 0 . 1 1 B 0 . 7 6 5 » 0 , 1 8 3 0 . 0 5 0 0 . 3 6 0 
0 . 3 5 5 «• 0 . 0 2 2 - 0 . 2 ' (2 •* - 0 . 1 7 1 - 0 . 1 1 1 0 . 5 b 9 * - 0 . 1 5 4 
0 . 3 5 9 » 0 . 0 9 3 0 . 1 6 9 0 . 2 4 2 * 0 . 2 5 4 » 0 . 0 7 2 0 . 3 1 ? 
0 . 2 R 3 »• 
0 . 1 0 6 
0 . 1 0 2 0 . 0 9 4 0 . 2 6 9 " 0 . 2 4 9 » 0 . 1 1 4 
0 . 1 8 2 
0 . 2 8 1 < 
0 , 0 9 3 - J . 0 8 3 - 0 . 0 5 2 0 . 3 8 9 » 0 . 0 1 3 
4 7 
3 6 
r 5 5 
0 . 6 1 0 
0 8 4 
2P7 
5 5 3 
0 . 2 3 5 
•J 6 2 
5 0 5 
0 6 3 
5 2 0 
- . 6 1 3 
0 . 4 2 9 
0 . 2 0 7 
0 . 5 9 9 
3 72 I 
0 . 4 0 2 
0 
0 . 4 4 1 » 
i.2ai» 
0 . 1 1 5 
( 1 . 2 50 0 . 4 2 1 
0 . 4 6 7 
3 . 3 9 4 
0 . 5 1 1 
0 . 2 6 1 
. 3 3 3 
361 
0 . 2 9 U 
0 . 2 0 7 
0 . 3 9 7 
) . 0 3 5 
0 . " 9 3 
• ."iOO 
2 3 4 
! 1 2 
i i l , 1 
0 . 6 0 
0 , 5 9 9 
2 0 4 
0 . 1 6 3 
0 . ' - . - , 3 
0 . 2 O 9 
0 . 0 4 8 
3 1 4 
0 , 5 3 1 
0 . 3 1 9 
i 0 4 
3 5 2 
0 , 4 9 0 
0 . 3 ° a 
0 . 5 5 7 
0 . 1 9 8 
0 . 4 2 ! 
1 5 2 
3 8 9 
1 . 5 3 8 
0 . 2 7 2 
0 . 4 6 2 
6 0 1 
_ 0 0 0 
0 
0 . 2 1 ) X 
ISi, 
0 . ' 7 5 » 
2 9 1 ' 
0 . 1 0 2 
0 . J 7 1 2 6 2 
0 , 2 
0 . 2 2 2 
4 5 3 
0 . 1 3 3 
C . 2 4 6 
0 . 6 3 1 
2 5 5 
0 . 2 2 1 
0 . 3 9 6 
0 8 6 
0 , 3 5 1 
0 
0 . 4 6 4 
0 . 4 3 ! 
0 . 2 4 1 
0 . 3 0 6 
0 . 1 1 3 
0 , 5 4 7 
0 . 3 0 7 
0 , 6 4 7 
0 . 0 9 5 
0 . 2 4 3 
0 . 1 2 
0 . 
0 . 3 5 1 * 
0 . 2 1 4 * 
9 3 
3 B 9 » 
0 . 5 2 0 
) . 2 7 r t » 
1 0 5 
0 . 3 4 7-1 
0 . 2 8 
0 7 5 
0 . 5 24 0 . 0 5 3 
0 . e : ; 4 0 . 1 3 4 0 . 3 1 3 0 . 3 4 9 0 . 0 0 2 0 . 3 7 0 0 . 9 0 3 0 . 1 5 1 
0 . 0 2 2 0 . 3 8 0 0 . 1 3 5 0 . 2 8 0 0 . 0 8 4 
0 . 3 2 9 0 . 1 1 3 0 . 6 ° 4 1 . 1 7 3 
0 . 2 2 3 0 . 76 5 0 . 4 8 4 0 . 0 34 
0 . 1 6 9 1 , 6 2 4 0 . 1 1 4 
0 . 5 o 9 0 . 0 5 0 D . 3 J 4 0 . 0 4 3 
0. 1 0 . - 2 6 5 0 . 3 6 0 0 , 3 79 0 . 1 5 4 
0 . 2 1 5 
0 . 1 0 5 U . 2 1 ' 0 , 2 7 8 
) . ' • 4 0 0 . 2 1 5 * 
0 . 2 2U 0 . 4 7 1 0 . 0 8 6 0 . 4 ^ 
0 . 1 6 7 0 . 3 3 7 r 0 . 0 9 1 
O . ' O 0 . 5 0 0 ^ 0 . 0 3 5 
2 7 2 X 0 . 2 3 1 5 . 5 38 •» 0 . 1 y 2 
0 . 4 2 " * 0 . 2 0 7 « 0 . 0 6 3 
4 7 1 » 0 , 1 6 7 
2 2 0 * 0 . 0 6 0 0 . 0 5 0 . 4 4 0 * 
0 . 0 0 8 0 . 2 6 0 « 0 . 1 8 5 0 . ^ 0 3 » 0 . 0 3 5 
) . O 2 0 1 , 1 8 9 0 . 1 8 3 0 . 0 3 9 
0 . 0 1 7 0 . 0 6 7 0 . 0 2 5 0 . 0 4 2 
L A 
S I 0 2 0 . 1 0 2 - 0 . 0 0 5 
A L 2 0 3 0 . 1 8 6 0 . 1 0 6 
F E 2 U 3 - 0 . 0 9 3 0 . 0 1 9 
MGil - 0 . 3 3 9 - 0 . 2 8 R 
0 . 1 0 2 
0 . 0 9 4 
CAO 0 . 0 9 3 
0 . 1 6 9 
o ; 2 4 2 
NA2( . 
K 2 n 0 . 2 6 9 
T K ) 2 0 . 2 5 4 0 . 2 4 9 
MMO 0 . 0 7 2 0 . 1 1 4 
P 2 0 5 0 . 3 1 9 0 . 2 31 
C U 0 . 0 8 5 0 . 0 3 9 
N I - 0 . 3 4 7 - 0 . 2 3 6 
CR - 0 . 4 0 3 - 0 . 3 3 6 
BA - 0 . 0 0 3 
0 . 2 o O 
0 . 2 3 2 
NR 0 . 1 0 9 
ZR 0 . 4 6 3 0 . 2 9 9 
y 0 . 4 7 5 
0 . 4 4 1 
0 . 2 9 ) 
S R 0 . 2 3 1 
RB 0 . 1 8 5 0 . 1 0 3 
. - 0 . 0 2 0 ZN - 0 . 1 1 7 
C E l . H £ t O 0 . 4 S 2 
L A 0 . 4 3 2^- I h ^ O O 
V 0 . 0 9 b 0 . 2 f 2 
- 0 . 29 5 
- 0 . 1 1 0 
0 . 3 51 
0 . 1 0 c 
0 . 0 9 3 
- 0 . 0 5 3 
- 0 . 0 5 2 
0 . 3 8 9 
0 . 1 3 2 
0 . 0 1 8 
- 0 . 0 4 2 
- 0 . 0 7 5 
- 0 . 0 2 5 
0 . 0 1 7 
- 0 . 0 5 8 
- 0 . 0 4 8 
0 . 1 0 2 
- 0 . 1 1 5 
0 . 0 6 7 
0 . 0 77 
0 . 0 9 6 
0 . 2 7 2 
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SI 02 
AL203 
F E 2 0 3 
Mf,0 
C&f.l 
N A 2 0 
K2Q 
T I D 2 
UNO 


































s i n 2 
AL2 03 





















S I 0 2 
l . I l £ P 
- 0 . 6 3 7 - * 
- 0 . 5 5 7 
0 . 5 4 1 ' 
U , 0 6 9 
- 0 . 1 3 7 ^ 
- 0 . 5 3 2 * 
- 0 . 0 ^ 7 
- o . i a u 
- 0 . 4 9 2 ' 
- 0 . 5 1 2 « 
O . I R B 
0 . 4 7 2 » 
0 . 4 9 3 * 
0 . 3 t 2 * 
0 . 0 7 1 
- 0 . 0 5 2 
- 0 . 1 3 1 
- 0 . 0 3 7 
- 0 . J 6 5 
- 0 . 2 7 7 » 
CU 
- 0 . 1 3 0 
- 0 o 0 7 1 
0 . 2 3 2 
0 . 0 5 2 
0 . 0 5 1 
0 . 0 5 8 
- 0 . 0 2 9 
0 . 0 5 9 
0 . 2 86 
O.GfcS 
- o r o s t r 
- 0 . 0 5 5 
- 0 . 0 4 9 
0 . 1 6 2 
- 0 . 0 7 2 
- 0 . 0 4 0 
0 . 0 9 5 
- 0 . 3 9 
0 . 1 4 0 
O . I U ) 
0 . 1 6 7 
0 . 1 5 4 
CE 
- 0 . 0 3 7 
0 . 2 2 3 
O . O T S 
- 0 . 2 5 3 
- 0 . 0 3 5 
0 . 0 5 9 
0 . 0 8 2 
0 . 2 2 8 
0 . W l 
0 . 1 5 b 
0 . 1 1 0 
- 0 . 2 3 0 
- 0 . 2 2 9 
- 0 . 1 8 7 
0 . 2 3 1 
0 . 3 0 5 
0 . 2 ' J 5 
0 . 2 8 2 
0 . 2 2 6 
0 . 2 0 -
l . . i i O O 
O V 2 5 b ~ 
0 . 2 9 2 * 
AL2G3 
0 . 4 5 6 
- 0 . 6 5 5 » 
- 0 . H 2 2 » 
0 . 5 4 4 * 
0 . 3 0 V 1 
0 . 4 7 5 * 
- 0 . 5 3 4 * 
0 . 1 i n 
- i ' . 0 7 1 
- 0 . 6 1 1 * 
- 0 . 7 2 9 * 
0 . 4 0 4 » 
0„ 4 4 2 * 
0 . 5 4 1 * 
0 . 5 3 7 * 
0 . 2 6 9 * 
Oc 2 1 1 
0 . 0 7 4 
0 . 2 2 3 
0 . 1 9 l 1 
0 . 0 5 4 
N : 
- 0 . 4 ' 5 2 
- 0 . 6 1 1 
0 . 3 6 4 
0 . 7 9 7 
0 . 4 9 1 
- 0 . 5 7 7 
- 0 . 4 1 6 
~ 0 . 3 R 1 
0 . 2 7 7 
- 0 . 2 4 3 
- 0 . U 5 8 ~l^0 
0 7 9 ^ _ 
- G , 4 2 2 » 
- 0 . 4 1 2J^ 
-O.SSS-
- 0 . 5 1 2 * 
- 0 . 4 6 5 " ' 
- 0 . 2 3 2''-
- 0 . OPl . 
- 0 . 2 3 0 
- 0 „ 2 6 6 
- C . 2 9 3 * 
L A 
- 0 . 0 6 5 
0 . 1 ° ' . ^ 
0 . 1 17 
- U . 2 6 3 
0 6 2 
0 . 1 2 5 
0 . 2 1 7 
0 . 2 0 4 
0 . 1 4 J 
0 . 1 6 ; 
Q. 16 7 
0 . 2 6 6 
0 . 2 a 4 
0 . 2 7 9 
0 . 0 8 5 
0 . 213 
0 . 0 9 1 
0 . 3 2 7 
0 . L 2 8 
0 . 0 5 1 
0 . 2 58 
- O i v j 
0 . 2 ^ 
' E 2 0 3 
. 8 6 3 
, 4 4 9 
•'flZ 
^ a 463 >• 
- 0 . 5 5 4 
-On 198 
0 . 1 0 0 
0 . 6 4 6 * 
- 0 . )19 
0 . 2 3 2 
0 . 3 6 4 » 
0 . 4 1 1 » -
- 0 . 2 5 1 
- 0 . 372 * 
- 0 . 4 5 0 » 
- 0 . 3 6 2 « 
- 0 . 0 S 5 
- 0 . 0 0 6 
0 . 3 3 7 * 
O.045 
0 . 1 1 7 
0 . 3 7 1 » 
CR 
- 0 . 5 1 2 
- O . 7 2 9 
0 . 4 1 1 . 
0 . 7 85 
0 . 6 0 9 
- 0 . 5 6 5 
- 0 . 4 : - 9 
- 0 . 3 6 2 
0 . 3 6 5 
- 0 . 2 5 3 
- 0 . 0 55 
0.'321 
- b l 4 4 9 » 
- 0 . 5 4 9 
- 0 . 5 1 0 
- 0 . - 5 1 »• 
- 0 . 2 92 * 
0 . 0 2 4 
- J . 2 2 9 
- 0 . 2 S 4 « 
- 0 . 228 • 
- 0 . 2 7 7 
0 . 0 5 - . 
0 . 3 7 1 
- 0 . 0 4 1 
0 . 0 5 9 
0 . 0 1 6 
- 0 . 3 1 9 
O.-tai 
O4 199 
0 . 2 6 6 
0 . 1 5 4 
- 0 . 2 9 3 
- 0 . 2 2 8 
0 . 0 9 3 
0 . 0 6 4 
- o . o a i 
0 . 0 6 3 
0 . 2 1 5 
0 . 0 7 2 
0 . 0 8 5 
0 . 2 9 2 
0 . 2 9 0 
000 
MGO 
0 . 6 8 7 
0 . 6 5 5 
0 . 57 3 
mj 
- 0 . 7 1 2 » 
- 0 . 360 ' 
- 0 . 2 3 6 
0 . 329 * 
- C . 1 5 0 
0 . 0 5 2 
0 . 7 9 7 
0 . 785 « 
- n . 3 4 9 » 
- 0 . 4 1 2 
- 0 . 583 ». 
- 0 . 5 2 8 .K 
- 0 . 3 5 7 • 
- 0 . 2 4 4 
- 0 . 0 9 1 
- 0 . 2 3 3 
- 0 . 2 6 3 
- 0 . 0 4 1 
BA 
0 . 1 8 8 
0 . 4 0 4 
- 0 . 2 5 1 
-•:).34 9 
- 0 . 3 6 3 
0 . 136 • 
0 . 6 5 8 
0 . 0 6 0 
- 0 . 2 0 2 
3 . 5 2 3 
- 0 . 0 4 9 
- 0 . 4 2 2 
- 0 . 5 0 3 
;iOO 
0 . 245 
0 . 1 1 2 
0 . 4 50 * 
0 . 3 1 4 * 
- 0 . 1 6 5 
- 0 . 187 
0 . 2 79 « 
0 . 0 9 3 
CAO NA20 K 2 0 T I 0 2 MNO P2n3 
0 . 5 5 7 0. 541 0 . 0 6 9 - 0 . 1 3 7 - C = 5 3 2 - 0 . 0 9 7 
0 . 8 2 2 0 . 5 4 4 0 . 3 0 7 0 . 4 2 5 - 0 . 5 3 4 . 1 . 11 8 
C . 463 - 0 . 5 5 4 - 0 . 1 9 8 0 . 1 0 0 0 . 6 4 6 - 0 . 0 1 9 
0 . 4 4 5 - 0 . 7 1 2 - 0 . 3 6 0 - 0 . 2 3 6 0 . 3 2 9 - 0 . 150 
-1_0.10 - 0 . 5 4 0 - . 1 . 3 2 3 - 0 . 2 4 3 0 . 5 5 0 - 0 . 0 5 6 
Jo"54T) ^—- U-£ l&0 0 . 1 9 o 0 . 2 5 1 - 0 . 4 1 6 0 . J 4 9 
0 . 3 2 3 * Qll^ — t l i i n 0 . 0 9 4 - 0 . 1 1 3 1) . 5 3 2 
0 . 2 ' . 3 0 . 2 5 1 u . u S s — — w - L m o - 0 . 13.3 0 . 1 9 3 
0 . 3 5 0 » - 0 . 4 1 o !i - n . i 13 - 0 . 1 3 3 " l-»^^^iliL_ 0 . 0 6 8 
0 . J 5 6 0 . 0 4 9 0 . 5 3 2 * - 0 . 1 9 3 o r o 6 B i4-u_10 
0 . 0 5 1 0 . 053 - 0 . 029 0. 059 0 . 2 8 6 « O . O R l 
0 . 4 9 1 - 0 . 5 7 7 - 0 . 4 1 6 * - 0 . 3 8 1 * 0 . 2 7 7 X - . ) . . ' 4 3 
0 . 6 0 9 .X - 0 . 5 6 5 « - 0 . 4 5 9 >• - 0 . 3 6 2 I 0 . 3 6 5 * - 0 . . ' . 5 3 
0 . 3 6 3 0 . 1 8 6 0 . 6 5 8 * 0 . 0 6 0 - 0 . 202 0 . 5 2 3 
0 . 5 2 2 j . 3 9 7 0 . 1 5 8 0 . 2 3 0 - 0 . 2 1 4 0 . 1 3 6 
0 . 3 7 4 * 0. 192 0 . 2 8 5 * 0 . 2 83 » - 0 . 2 9 0 * 0 . 7 2 7 
0 . 3 9 6 0 . 2 4 7 0 . 2 9 3 * 0 . 5 8 6 » - 0 . 2 5 7 0. 3 0 7 
0 . 1 0 0 0 . 0 5 5 0 . 4 6 2 * 0 . 115 0 . 009 0 . 5 9 7 
0 . 1 8 5 0 . 1 2 2 0 . 6 6 1 0 . 0 6 7 0 . J R O 0 . 3 4 6 
0 . 0 1 4 - 0 . 0 7 1 - 0 . 0 3 7 . 0 . 0 77 0 . 4 3 9 * - 0 . 1 5 0 
0 . 0 3 5 0 . 0 5 9 0 . 0 8 2 0 . 2 2 8 0 . 1 4 1 0 . 158 
0 . 0 6 2 0 . 1 2 5 0 . 2 1 7 0 . 2 0 4 0 . 1 4 0 0 . 1 6 1 
0 . 0 5 9 0 . 0 1 6 - 0 . 0 1 9 0 .481 * 0 . 199 0 . 2 6 6 
Nri ZR Y SR RB ZM 
0 . 4 7 2 0 . 4 9 3 0 . 3 6 2 0 . 0 7 1 
0 . 4 4 2 0 , 5 4 1 0 . 5 3 7 0 . 2 6 9 
0 . 3 7 2 - 0 . 4 5 8 - 0 . 3 6 2 
- 0 . 5 2 8 
- 0 . 0 8 5 
0 , 4 1 2 - 0 . 5 8 3 - 0 . 3 5 7 
0 . 5 2 2 - 3 = 3 7 4 - 0 . 3 9 6 
0 . 3 9 7 0 . . 1 9 2 0 . 2 4 7 0 . 0 5 5 
0 . 4 6 2 0 . 1 5 8 0 . 2 8 5 0 . 2 9 3 
0 . 5 8 6 0 . 2 3 0 0 . 2 8 3 0 . 1 1 5 
0 . 2 1 4 - 0 . 2 9 0 - 0 . 2 5 7 0 . 0 0 9 
0 . 1 3 6 0 . 3 2 7 0 . 3 0 7 0 . 5 9 7 
0 . 1 6 2 - 0 . 0 7 2 - 0 . U 4 0 0 . 0 9 5 
0 . 4 1 2 - 0 . 5 5 5 - 0 . 5 1 2 - 0 . 4 6 5 
0 . 4 4 9 - 0 . 5 4 9 - 0 . 5 1 0 - 0 . 4 5 1 
0 . 1 8 2 0 . 2 4 6 0 . 1 1 2 0 . 4 5 0 
4 _ a i l O O 0 , 3 9 4 u . ' * 6 8 
0 . 7 7 2 
0 . 0 5 0 
O o T ^ T H X — -— i » X ; o o 0 . 5 B 9 
0 . 4 6 8 1 O T T T T ^ l l i i O O 0 . 2 8 2 
0 . 0 3 0 0 . 5 8 ° » O T ^ S T * — — i - » u i i i 
0 . 1 9 6 0 . 0 7 1 0 . 1 9 7 o r f p s — 
0 . 0 3 1 0 . 1 0 5 0 . 0 7 9 0 . 0 7 1 
0 . 2 3 1 »• 0 . 3 0 5 * 0 . 2 3 5 o . : . ' ' 2 
0 . 0 8 5 • 0 . 2 1 3 0 . 0 9 1 0 . Vil^ 
0 . 0 6 4 - 0 . 0 8 1 0 . 0 6 3 0 . Z 1 5 
- 0 . 0 5 2 
0 . 2 1 1 
- 0 . 0 0 6 
- 0 . 2 4 4 
- 0 . 1 8 5 
0 . 1 2 2 
0 . 6 6 1 
0 . 0 6 7 
0 . 0 S 8 
0 . 346 
- 0 . 1 3 9 
- 0 . 2 6 2 
- 0 . 2 9 2 
0 . 3 1 4 
0 . 196 
0 . 3 7 1 
0 . 1 9 7 
0 . 2 54 
0 . 1 8 ^ 
0 . 2 2 6 
0 . 1 2 3 
0 . 0 7 2 
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compares fauourably w i t h the XRF analyses (Appendix 2) of the 
amphibole-bearing rocks (e.g. samples ^051, 5056, 5113). 
On the basis of Table 5.2, i t was suggested above t h a t the 
major elements SiO^, ^^2^3* ^'^^ ^'^'^ since they show 
l i t t l e d i f f e r e n c e from group to group, are not systematieally 
enriched or depleted. In a d d i t i o n , the c o r r e l a t i o n s between these 
elements are mostly s i g n i f i c a n t , an exception being Ca-Si. This 
may be due to the method of s i g n i f i c a n c e t e s t i n g , or i t may be 
i n d i c a t i v e of Ca m o b i l i t y ( c f . the formation of c a l c i t e veins, 
amygdales e t c . ) . However, the element pairs Ca-Mg, Ca-Fe and 
Ca-Al are a l l s i g n i f i c a n t . Also, between groups the c o r r e l a t i o n s 
f o r these elements are s i m i l a r and they resemble expected magmatic 
c o r r e l a t i o n s . In p a r t i c u l a r , the high c o r r e l a t i o n s f o r Ca-Al and 
Fe-Si suggest only minor i n f l u e n c e of secondary phases, these being 
due t o primary pyroxene and magnetite c o n t r o l (see Section 5:5:1 ). 
The very d i f f e r e n t nature of the secondary minerals ensures 
c o r r e l a t i o n s of magmatic o r i g i n tend to degenerate once they exert 
s i g n i f i c a n t c o n t r o l on the rock chemistry. C h a r a c t e r i s t i c a l l y 
s t r o n g , negative Fe-Si corr e l a t i o n s i n the Dominican ( W i l l s , 1974) 
and Grenadan (Arculus, 1976) s u i t e s substantiate t h i s argument. 
Another i n t e r e s t i n g c o r r e l a t i o n e x i s t s between (\li and Cr, 
both of which also c o r r e l a t e p o s i t i v e l y w i t h MgO. This i s also 
i n d i c a t i v e of primary magmatic c o n t r o l on these elements, since 
under hydrothermal c o n d i t i o n s , e s p e c i a l l y i f sulphide m i n e r a l i z i n g 
f l u i d s are e f f e c t i v e , Ni and Cr might be expected to behave d i f f e r e n t l y , 
In conclusion then, i t i s thought t h a t average element 
abundances are not f a r removed from those c h a r a c t e r i s i n g the 
o r i g i n a l lavas. The word 'average', though, i s stressed since 
i n d i v i d u a l samples show clear evidence of chemical a l t e r a t i o n . 
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P a r t i c u l a r l y , K, Rb and Ba are extremely v a r i a b l e . S i m i l a r l y , 
the presence of e p i d o t i c and c a l c i t i c ueins or amygdales i n many 
samples implies CaO has been mobile. Howeuer, samples showing 
extreme CaD enrichment (e.g. 5014, 5042; Appendix 2) can be 
el i m i n a t e d from f u r t h e r consideration. L a s t l y , most major 
elements and immobile trace elements haue r e t a i n e d , broadly, 
igneous chemical patterns and thus should permit some discussion 
as to the petrogenesis of the Rossland s u i t e . 
5;4 Geochemical implications.for the t e c t o n i c s e t t i n g of the 
Rossland \Jolcanics 
5.;4;1 General t e c t o n i c s e t t i n g 
On the basis of generalised palaeogeographical considerations 
and the nature of the l i t h o l o g i e s i n the volcanic succession, an 
i s l a n d - a r c type enwironment has already been considered as l i k e l y 
f o r the Rossland Group. In t h i s section the evidence of 
geochemistry i s considered. F i r s t l y , the island-arc a f f i n i t y f o r the 
v/olcanics i s tested using immobile trace elements, and i n subseguent 
sections a more d e t a i l e d comparison with modern analogues and con-
temporaneous C o r d i l l e r a n uolcanics i s made. 
Fi g . 5.3 shows the d i s c r i m i n a t o r y p l o t of Pearce & Cann (1973) 
which u t i l i s e s T i , Zr and Y. Selected basalts f a l l c l e a r l y i n the 
f i e l d of ' c a l c - a l k a l i n e ' basalts. In t h i s type of d i s c r i m i n a t i o n 
the element T i i s p a r t i c u l a r l y important as shown by Chayes & Uelde 
(1965) and Pearce (1975), and i s apparently low i n abundance i n a l l 
v a r i e t i e s of destructive-margin magmatism, from t h o l e i i t i c to 
shoshonitic (e.g. the data of Jakes & White, 1972b). 
F i g . 5.4,.another p l o t developed by Pearce and Cann (1973), 
confirms Fig. 5.3, the Rossland basalts again p l o t t i n g i n the 
c a l c - a l k a l i n e f i e l d . The trend of Ti-2r i n t h i s diagram shows 
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Figure 5,3 
Y-Zr-Ti t r i a n g u l a r diagram (Pearce & Cann, 
1973) w i t h selected Rossland samples p l o t t e d . 
Island-arc t h o l e i i t e s - A -f- B 
Ocean Floor t h o l e i i t e s - B 
C a l c - a l k a l i basalts - B + C 





Ti-Zr p l o t (Pearce & Cann, 1973)with selected 
Rossland ankaramites and basalts p l o t t e d . 
Ocean Floor t h o l e i i t e s - B -t- D 
Island-arc t h o l e i i t e s - A + B 












i n o 
s i g n i f i c a n t d e v i a t i o n from the c h o n d r i t i c l i n e which characterizes 
ocean-floor basalts ( N e s b i t t & Sun, 1976), and shows th a t r e l a t i v e 
t o Zr, 'Td i s not behaving incompatibly. 
.5;4;2 Comparison w i t h modern island-ares 
Though i t was established above t h a t the Rossland rocks are 
' c a l c - a l k a l i c ' i n a f f i n i t y , the plo t s of Pearce & Cann (1973) are 
based p r i m a r i l y on isl a n d - a r c s u i t e s , though c a l c - a l k a l i c volcanism 
t y p i f i e s c o n t i n e n t a l margin environments such as the Andes and the 
western U.S.A. As regards the setting of the Rossland s u i t e , i t was 
shown i n Chapters 2 and 3 t h a t an island-arc d e p o s i t i o n a l regime 
was operative i n the Lower Jurassic, and that the development of a 
completely emergent c o n t i n e n t a l margin occurred i n the Cretaceous; 
but i t i s possible the Rossland s u i t e o v e r l i e s a crust of con t i n e n t a l 
nature. 
Geochemically, a c o n t i n e n t a l margin s i t e of o r i g i n i s not 
favoured since, as' Jakes & White (ig72b)show, Andean-type suites 
are usually highly d i f f e r e n t i a t e d with SiO^ ranging from 56 to 75 
per cent. As Fig.5.1 shows, t h i s i s not the case f o r the Rossland 
s u i t e ; the Si02 range of 45 to 60 per cent compares more 
favourably w i t h t h a t of i s l a n d arcs guoted by Jakes & White (1972). 
Within i s l a n d arcs, i t has re c e n t l y become evident that 
considerable v a r i a t i o n s of magma type e x i s t , though a l l generally 
characterized by low Ti02» as w i l l become evident. Also, Zr and Y 
are not usefu l i n d i s c r i m i n a t i n g , by Pearce & Cann-type diagrams, 
between various island-arc magmas. This feature was noted by 
Floyd & Winchester (1975) when t r y i n g to d i s t i n g u i s h t h o l e i i t i c 
from a l k a l i c magmas using immobile elements. 
The g r a d a t i o n a l nature of magma chemistry across arcs i s w e l l 
defined (Kuno, 1966; Dickinson & Hatherton, 1968), -with e s s e n t i a l l y 
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t h o l e i i t i c magmas occurring near the trench, followed by high-
alumina and a l k a l i c magmas progressively f u r t h e r from the trench. 
Temporally, a s i m i l a r progression can occur (Baker, 1968a; G i l l , 1970; 
Dakes & White, 1969) w i t h older t h o l e i i t e s being succeeded by younger 
c a l c - a l k a l i c and a l k a l i c / s h o s h o n i t i c v a r i e t i e s . Shoshonitic and 
a l k a l i c magmatism also occur i n the l a t e r stages of the erogenic 
phase of a c o n t i n e n t a l margin, as i n western North America. More 
r e c e n t l y . Brown et a l . (1977) have documented a magmatic gradation 
along the axis of the Lesser A n t i l l e s i s l a n d arc: t h o l e i i t e s i n the 
north grade southwards through normal c a l c - a l k a l i c rocks i n t o a mixed 
a l k a l i c / c a l c - a l k a l i c environment. 
The l i m i t e d range of S i O ^ noted above i s c h a r a c t e r i s t i c both 
of the 'Island Arc T h o l e i i t e Series' (Dakes & G i l l , 1970; Baker, 
196Ba) and the a l k a l i c or shoshonitic representatives such as are 
found i n the recent volcanics of the New Hebrides (Colley & 
Warden, 1974) or F i j i ( G i l l , 1970). Conclusions already reached 
above regarding the s i g n i f i c a n c e of amphibole and b i o t i t e , and the 
high K, Rb, Ba and Sr values (Table 5.2) suggest the l a t t e r 
a l t e r n a t i v e i s more l i k e l y to be c o r r e c t f o r the Rossland s u i t e . 
I n a d d i t i o n , the presence of clinopyroxene-rich lavas (ankaramites) 
i s a f e a t u r e found i n the New Hebrides, New Georgia (Stanton & B e l l , 
1969) and the late-stage F i j i a n suites, rather than i n the Tongan 
(Ewart et a l . , 1972) or S t . K i t t s (Baker, 196Bb) t h o l e i i t i c s u i t e s . 
The Rossland s u i t e also shows no t h o l e i i t i c iron-enrichment ( F i g . 5.7). 
Some comparative data on these ankaramitic, or stro n g l y 
pyroxene-phyric lavas, from the s u i t e s mentioned above, are shown 
i n Table 5.4, The s i m i l a r i t i e s w ith the Rossland examples are 
q u i t e apparent. A l l these rocks, though t r a n s i t i o n a l or mildly 
a l k a l i c , show the c h a r a c t e r i s t i c low TiO^ of i s l a n d arcs. They 
also e x h i b i t low AI2O2, and ngO/CaO r a t i o s of close to one. 
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TABLE 5.4 
CONPARATI\/E DATA FOR ISLAND-RRC ANKARAHITIC. OR 
AUGITE-RICH BASALTS 
wt.^ A B C D E 1 2 
SiO^ 48.59 48.68 48.97 48.37 48.1 48.54 49.42 
Ti02 9.67 0.43 0.72 0.58 0.6 0.79 0.73 
Al 0 11.91 12.44 12.03 12.45 11.4 11.08 10.76 
^^2°3 10.33 11.10 12.54 10.81 10.7 12.93 11.87 
nno 0.19 0.20 0.17 0.20 0.2 0.21 0.18 
MgO 13.18 11.36 9.88 10.53 15.3 11.64 11.32 
CaO 12.31 11.17 11.52 11.65 10.5 10.67 10.90 
Na20 2.16 1.93 2.26 1.75 2.2 2.19 2.16 
K^ O 0.95 1.51 2.36 1.75 1.5 1.60 2.34 
^2^5 0.14 0.24 0.46 0.34 0.2 0.32 0.32 
To t a l 100.43 99.02 100.91 98.43 100.7 100.00 100.00 
ppm 
Cu 120 79 129 
Ni 92 147 164 
Cr 360 577 587 
Ba 684 577 672 
l\)b - 2 3 
Zr 34 48 73 
Y 14 14 14 
Sr 972 608 610 
Rb 60 38 56 
Ce 29 15 -
La 14 4 -
\l 670 287 -
A Dl i v i n e - A u g i t e b a s a l t , Aoba, New Hebrides (Warden, 1970) 
B Pyroxene-olivine b a s a l t , New Georgia (Stanton & B e l l , 1969) 
C Ankaramite, Bridget Cove ( I r v i n e , 1973) 
D Pyroxene-rich b a s a l t , F i j i ( G i l l , 1970) 
E Ankaramite, Takla Group, Aiken Lake ( I r v i n e , 1973) 
1 Ankaramitic basalt 5538A, Rossland veicanics 
2 " " 4013A, " " 
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Clinopyroxene i s modally greater than o l i v i n e , though i n the older 
Bridget Cove, Takla and Rossland sanples a l t e r a t i o n may have removed 
many traces of o r i g i n a l o l i v i n e . Comparison of trace elements 
between the F i j i a n 'shoshonitic' representative (Table 5.4) and 
Rossland samples show the two to be s i m i l a r , both having high Ba, 
Sr and Rb contents. Bearing i n mind the problems of secondary 
a l t e r a t i o n , t h i s comparison shows that the high values f o r Sr, Ba and 
Rb are not u n r e a l i s t i c f o r rocks of t h i s composition. 
Comparative data f o r b a s a l t i c compositions are shown i n Tables 
5,5 and 5.6. Table 5.5 i l l u s t r a t e s the Japanese transverse—arc 
gradation of b a s a l t i c magma type, w i t h some Rossland basalts of 
comparable SiO^ abundance. The actual d i f f e r e n c e s between the 
Dapanese parent magmas are s l i g h t , and involve only TiO^ and a l k a l i s . 
Taking the a l k a l i s of the Rossland basalts at face value, c l e a r l y the 
best analogy i s w i t h the Japanese a l k a l i n e parent magma. S i m i l a r l y , 
the s l i g h t l y higher TiO^ and P2^^ °^ a l k a l i n e magma, both 
regarded as stable oxides , compare favourably with the Rossland 
samples. 
Some more data f o r island-arc basalts are shown i n Table 5.6. 
Here the a x i a l - a r c gradation i n the Lesser A n t i l l e s (Brown et a l . , 
1977) i s apparent. The average rock composition between 50 and 
52 per cent SiO^ f o r the islands St. K i t t s ( t h o l e i i t i c ) , Dominica 
( c a l c - a l k a l i c ) and Grenada ( a l k a l i c / c a l c - a l k a l i c shows that the con-
s t i t u e n t s Na^O, K^ O, Ba, Rb, Sr, l\li and Cr are most abundant i n 
Grenada. The average Rossland basalt (50-52 per cent SiO^) i s 
c l o s e s t i n composition to Grenada. Also shown i n Table 5.6 i s a 
high-Al„0 , high-K„0, c a l c - a l k a l i n e basalt from East Papua (Jakes 
& Smith, 1970), This sample also resembles the Rossland average 
i n having high Ba, Sr and a l k a l i s at r e l a t i v e l y high rigO, Cr and 
TABLE 5.5 
COriPARATIUE DATA ON'JAPANESE AND ROSSLAND BASALTS 
wt.% A B C 1 2 3 
Si02 48.73 48.10 47.95 47.84 49.94 48.00 
TiO^ 0.63 0.73 1.09 0,81 1.09 0.98 
16.53 16.68 16.46 14.37 14.43 13.02 
^^2°3" 12.74 12.41 10.90 14.86 12.63 14.12 
MnO 0.29 0.54 0.21 0.22 0.20 0.22 
MgO 8.24 8.89 8.99 8.53 7.44 6.72 
CaO 12.25 10.48 10.44 9.29 10.20 11.41 
Na^ O 1.21 2.51 2.72 1.84 2,96 2.94 
0.23 0.46 1.09 1.82 0.78 2.31 
P2°5 0.10 0.54 0.41 0.41 0.32 0.28 
To t a l 100.95 101.34 100.26 100.00 100.00 100.00 
A T h o l e i i t i c primary magma type (Kuno, 1966) 
B High Alumina I I I I I I I I I I 
C A l k a l i n e " " " 
1 Basalt 5006, Rossland volcanics 
2 " 5041, " 
3 " 4070 " " 
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wt,^ 
S i 0 2 





















COnPARATIUE DATA FOR ISLAND-ARC BASALTS 
A B C D E 1 
51.02 50.90 51.13 50.59 50.89 51.09 
0.86 0.85 0.98 1.05 0,88 0.94 
17,73 19.83 19.77 16.29 16.25 13.97 
9.14 10.25 9,47 9.30 11,53 11.57 
0,16 0.19 0,18 0.17 0,21 0.17 
5.23 3.74 3,92 8.96 5.41 7.65 
10.44 11.10 11,09 9.50 4.02 9.44 
3.24 2.50 3,00 2.89 5,16 2.93 
0.94 0.49 0.36 1.02 1.79 1.92 
0.18 0.12 0.10 0.21 0.28 0,31 
99.94 99.99 100.00 100.01 96,34 100,00 
98 12 60 _ - 72 
129 36 11 150 - 52 
285 109 17 360 - 169 
398 105 126 400 - 753 
6 3 2 - - 4 
96 44 65 130 - 91 
22 13 22 - - 18 
738 310 290 450 - 716 
23 16 5 - - 47 
74 80 68 - - 92 
215 _ 235 216 - 295 
Average basalt (50-52 per cent SiO ) , Grenada, (Brown et a l . , 1977) A Average basalt (,bU-b^  per cent b i u ^ 
g n " " Dominica, 
Q; II II " S t , K i t t s , 
ti 
II 
D High-al basalt. East Papua (Jakes & Smith, 1970) 
E Pyroxene 'andesite', Sofala volcanics (Barron.., 1976) 
1 Average basalt (50-52 per cent SiO^), Rossland volcanics, 
\U2 
Ni l e v e l s . A f e a t u r e of the Rossland volcanics brought out i n 
Tables 5.5 and 5.6 i s t h e i r low l^^2^z compared to many 
other arcs. This i s a f u r t h e r i n d i c a t o r t h a t normal c a l c - a l k a l i n e 
magmas were not erupted i n the Rossland area. 
Data on the more evolved ande s i t i c (or b a s a l t i c - a n d e s i t i c ) 
compositions are shown i n Table 5.7. Comparison with the Lesser 
A n t i l l e s again confirms the s i m i l a r i t i e s deduced from the b a s a l t i c 
rocks, though i n t h i s case K, Rb, Ba and Sr abundances i n the Rossland 
samples exceed those of the Grenada average. I t i s a f a c t , though, 
t h a t the Grenadan s u i t e shows a t r a n s i t i o n from a l k a l i n e to c a l c -
a l k a l i n e w i t h d i f f e r e n t i a t i o n , rather than f o l l o w i n g an a l k a l i c 
or shoshonitic trend (e.g. F i j i ; G i l l , 1970). This suggests th a t 
w i t h i n the Rossland s u i t e there i s a shoshonitic trend, though as 
shown i n Fig.5.10 some andesites e x h i b i t low K, Rb and Ba contents. 
The high K, Rb and Ba contents o f , f o r example, sample 5033 (Table 5.7) 
i s confirmed by the presence i n the,rock of b i o t i t e phffnocrysts. 
The s i g n i f i c a n c e of amphibole has been stressed above. 
Whole-rock data f o r amphibole-bearing basalts from Bogoslof Isl a n d , 
Grenada and Kick 'Em Jenny Uolcano, are shown i n Table 5.8. 
Amphibole-bearing b a s a l t i c andesites, or andesites from the high-K 
or m i l d l y a l k a l i c s u i t e s of East Papua, New Hebrides and New Georgia, 
where amphibole makes a r e l a t i v e l y e arly appearance i n the d i f f e r e n t i a t i o n 
seguence, are tabulated i n Table 5.9. These data, by v i r t u e of the 
comparable a l k a l i and associated trace element contents to the 
Rossland examples, confirms the b e l i e f t h a t the Rossland abundances 
f o r these mobile elements are near the o r i g i n a l igneous values. 
I f a comparison i s made on the basis of average values of 
K, Rb, Ba and Sr w i t h the average data reported by Jakes & White 
(l972b),a t r a n s i t i o n a l c a l c - a l k a l i c to shoshonitic a f f i n i t y i s 
i n d i c a t e d f o r the Rossland s u i t e . K20/Na20, on average, i s less 
%3 
TABLE 5,7 
COI^ IPARATIWE DATA FOR ISLAND ARC ANDESITES (LOW-Si) 
Wt,=^  
SiO^ 55,01 54.64 54.92 54.54 55,69 54.15 55.55 
Ti02 0,82 0.79 0.88 1.13 0,77 0.85 0.71 
AI2O3 18.48 19.41 18.91 16.26 14,97 15.62 15.68 
^"2°3^ 8,60 9.21 8.80 8.30 8,61 9.89 9.33 
nno 0,17 0.19 0.17 0.12 0.14 0.14 0.13 
MgO 4,50 2.91 3,04 6.97 3.42 2.83 5.24 
CaO 7.98 9.22 9,39 7.50 8,45 8.25 7.39 
Na20 3.25 2.88 3,26 3,64 4,30 5.04 2.36 
K^ O 0.92 0.58 0.53 1,49 3.29 2.79 3.24 
P2°5 0.18 0.14 0.10 0,23 0.36 0.39 0.38 
T o t a l 99.91 99.97 100.00 100,15 100.00 100.00 100.00 
ppm 
Cu 83 92 59 - 64 34 36 
Ni 104 33 4 22 16 8 1 
Cr 238 109 6 33 54 21 10 
Ba 338 132 146 192 803 1190 1078 
Nb 7 3 1 - 5 3 2 
Zr 117 64 81 105 119 81 153 
Y/ 24 24 24 22 19 15 23 
Sr 530 280 301 358 717 868 1438 
Rb 24 18 • 10 20 51 54 56 
lu 84 81 69 - 71 89 99 
M 187 - 168 215 209 268 197 
A Average andesite (54-56 per cent 5102), Grenada (Br own et a l . , 1977) 
B " " " Dominica, 
C " " " S t . K i t t s , 
D Low-6i andesite. East Papua (Jakes & Smith, 1970) 
1 Andesite 41098, Rossland voicanics 
2 " 4056 " " 
3 " 5033 " " 
1 U 
TABLE 5.8 
COflPARATIUE DATA FOR AHPHIBOLE-•BEARING, ISLAND-
ARC BASALTS 
[ l l t . % A B C 1 2 
51.88 45.93 51.54 50.59 52.86 
0.79 1.06 0.32 1.14 0.81 
AI2O3. 16.39 16.88 20.31 15.94 14.84 
^^2°3 8.65 10.05 8.59 11.07 10.31 
MnO 0.20 0.17 0.32 0.15 0.18 
ngO 9.23 11.18 3.16 6.77 5.32 
CaO 9.45 12.24 9.55 9.39 9.06 
I\la20 2.53 1.84 4.29 3.30 2.28 
K^ D 0.76 0.55 2.47 1.34 1.98 
P2°5 0.11 0.11 0.57 0.27 0.23 
To t a l 99.99 100.01 100.80 100.00 100.00 
ppm 
Cu 47 88 - 62 
Ni 304 235 - 72 
Cr - - - 170 
Ba 206 117 864 692 
Nb 11 5 - 3 
Zr 99 62 87 105 
Y 17 19 - 21 
Sr 401 301 815 566 
Rb 43 19 43 41 
Zn 72 72 - 100 
A T r a n s i t i o n a l b a s a l t , Grenada (Arculus, 1973) 
B Kick 'em Oenny a l k a l i n e basalt, Lesser A n t i l l e s (Arculus, 1973) 
C Basalt, Bogoslof I s l a n d , Aleutian arc (Arculus et a l . , 1977) 
1 Basalt 4051, Rossland uolrartLcs 
2 " 5056 " " 
1^5 
TABLE 5.9 
COnPARATIUE DATA FOR AnPHIBOLE-•BEARING, ISLAND ARC 
ANDESITES 
llJ t . % A B C D E 1 
Si02 56.18 55.45 56.08 56.43 55.60 56.81 
TiO^ 0,77 0.75 0.53 0.93 0.62 0.76 
^^2°3* 15.80 18.87 19.04 16.00 16.90 14.66 
^^2°3 7.09 6.60 7.14 6.57 7.43 9.96 
nnO 0.12 0.13 0.14 0.09 0.15 0.12 
WgO 7.59 4.26 3.82 6.04 5.44 4.87 
CaO 7.65 5.19 8.04 5.84 6.64 7.17 
Na^ O 3.81 2.55 4.18 4.05 3.63 3.56 
K^ O 1.53 2.39 0.88 1.92 1.61 1.88 
P2°5 0.22 0.44 0.16 0.99 0.23 0.22 
To t a l 100.76 95.62 100.01 98.86 98.25 100.00 
ppm 
Sr 580 535 
Ba 670 686 
Ir 200 106 
A Augite-amphibole andesite, East Papua (Dakes & Bhite , 1969) 
B Amphibole-augite sheshonite, East Papua (Oakes & White, 1969) 
C Augite-amptibole andesite, Guadal Canal (Dakes & White, 1969) 
D Amphibole andesite, East Papua (Dakes & Smith, 1970) 
E Hornblende b a s a l t i c andesite, New Georgia (Stanton & B e l l , 1969) 
1 Andesite 5113, Rossland uolcanics 
U 6 
than 1,0 (average = 0,7) f o r the Rossland s u i t e . I n uieui of the 
s i m i l a r i t i e s w i t h the Grenada, New Hebrides and New Georgia 
' a l k a l i c ' s u i t e s (Tables 5.4, 5.6, 5.9), a t r a n s i t i o n a l a f f i n i t y 
towards these i s also i n d i c a t e d . 
I n summary, i t seems cle a r t h a t the Rossland volcanics are not 
arc 
t y p i c a l l y c a l c - a l k a l i c , though of island^uolcano-tectonic s e t t i n g . 
A precise analogy i n the present day i s not evident, but various 
petrographic and chemical data show the Rossland s u i t e has s i m i l a r i t i e s 
w i t h the generally r a r e r shoshonitic or a l k a l i c rocks of young i s l a n d 
a r c s , from which most of the comparative data i s drawn. 
There are also comparable features w i t h older arcs. For example, 
the a u g i t e - p h y r i c volcanics of the Bridget Cove, Mesozoic arc i n S.E. 
Alaska ( I r v i n e , 1973) and the Sofala volcanics of New South Wales 
(Barron, 1976)(Tables 5.4 and 5.6). 
5;4;3 Comparison w i t h associated volcanics of the Canadian C o r d i l l e r a 
L i t h o l o g i c a l s i m i l a r i t i e s between the Rossland and associated, 
or contemporaneous, volcanics of the C o r d i l l e r a , notably the Takla, 
Hazelton and Nicola Groups, were discussed i n Chapter 3. Here, the 
discussion i s extended to chemical s i m i l a r i t i e s and d i f f e r e n c e s . 
Within the Nicola and Takla successions there i s a predominance 
of a u g i t e - r i c h , basic rock types (Monger, 1975). Chemical data f o r 
these are l i m i t e d , but one analysis of a Takla ankaramite, reported 
by I r v i n e (1974), i s shown i n Table 5.4. Fig. 5.5 also shows the 
basic nature of the Takla rocks ( a f t e r honker <£-Churth', 1977). 
Souther ( i n press) has compiled some data f o r the Nicola-
Takla rocks and displayed i t on AFM and Alka l i s - S i O ^ diagrams 
( F i g , 5.6). He considers t h i s volcanic province to be a l k a l i n e on 
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Figure 5.5 
Abundance of basalts ( B ) , andesites (A), 
da c i t e s ( D ) and r h y o l i t e s ( R ) i n the Takla and 
Hazelton volcanic groups, based on r e f r a c t i v e 
index ( R . I . ) measurements on fused rock samples 
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t h i s basis, a t l e a s t f o r the basic end of the spectrum. Other 
evidence f o r the a l k a l i n i t y of the Takla-Nicola association i s 
given by I r v i n e (1974). By analogy with the Alaskan u l t r a m a f i c 
complexes and the associated ankaramites of the Bridget Cove b e l t 
( I r v i n e , 1973), I r v i n e (1974) suggests a r e l a t i o n between the 
Alaskan type P o l a r i s and Tulameen complexes of the Intermontane 
B e l t , and the Takla-Nicola augite porphyries. On the basis of 
c r y s t a l l i z a t i o n h i s t o r y , such as the c o - p r e c i p i t a t i o n of o l i v i n e 
and clinopyroxene, but no orthopyroxene, and on the evidence of 
clinopyroxene chemistry, I r v i n e considers these complexes to be 
derived from undersaturated, ankaramitic lavas. They represent, 
t h e r e f o r e , sub-volcanic cumulates. There i s an age discrepancy 
however, since dates on the two complexes mentioned above give 
Durassic ages of 164 my. and 186 my. r e s p e c t i v e l y . Other 
evidence of a s i m i l a r nature i s reported by Souther (1973) f o r the 
S t i k i n e region, north B.C. Here, pyroxenite bodies, associated 
w i t h the l o c a l augite porphyries, have f r a c t i o n a t e d to s y e n i t i c 
end-members. Fox (1975) also reports a l k a l i c i n t r u s i v e s i n the 
Quesnel Trough area comagmatic w i t h the volcanics. With regard 
to the Rossland volcanics, the Bennington Complex of Mulligan (1952), 
comprising pyroxenites, gabbros and possibly syenites, perhaps 
represents a s i m i l a r r e l a t i o n s h i p , 
Hazelton volcanics, of Lower Durassic age, are generally 
d i f f e r e n t from the underlying Takla rocks and, as noted above, 
are confined to n o r t h - c e n t r a l B r i t i s h Columbia ( F i g . 5.6). 
Compositionally they are more d i f f e r e n t i a t e d than the Takla, 
Nicola and Rossland volcanics, being more f e l d s p a t h i c . Fig. 5.5 
shows the frequency of the rock types basalt, andesite, dacite 
and r h y o l i t e i n the Hazelton succession. 
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Figure 5.6 
Summary of the d i s t r i b u t i o n and chemistry 
of Upper T r i a s s i c and Ourassic volcanics {•from 
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A d e t a i l e d r e v i s i o n of the Hazelton succession has recently 
been completed by Tipper & Richards ( i n press). They d i s t i n g u i s h 
a western proximal f a c i e s of mainly subaerial o r i g i n from a d i s t a l 
eastern f a c i e s , where c l a s t i c rocks accumulated i n a subsiding,' 
back-arc basin. Also associated w i t h t h i s back-arc environment 
are the d i s t i n c t l y a l k a l i c and basic Ankwell lavas. The more 
a l k a l i n e nature of the eastern Hazelton rock i s shown i n Fig, 5.6 
( a f t e r Souther, i n press), 
A generalised discussion of the t e c t o n i c s e t t i n g , using the 
evidence of t h i s and the previous two sections, i s given i n the 
f i n a l chapter, 
5;5 Petrogenesis of the Rossland volcanics 
5;5;1 Chemical v a r i a t i o n w i t h i n the Rossland s u i t e 
This section deals w i t h the o r i g i n of v a r i a t i o n w i t h i n the 
analysed samples, whereas the subsequent section i s concerned 
w i t h the o r i g i n of the o v e r a l l geochemical i d e n t i t y of the s u i t e 
and of the parent magmas. 
V a r i a t i o n w i t h i n the s u i t e i s i l l u s t r a t e d i n various plots 
( F i g s . 5,7, 5.8, 5.9, 5.10). Figs. 5.7 and 5.10 are conventional 
Harker p l o t s , Si02 ac t i n g as the abscissa. Noticeable i n a l l these 
diagrams i s t h a t there i s a f a i r degree of s c a t t e r . Before 
considering the causes of the observed trends, t h i s should be 
considered. Scatter i n a s u i t e of rocks can be due t o : -
( l ) A l t e r a t i o n : This i s undoubtedly a causal f a c t o r here, 
e s p e c i a l l y w i t h regard to K, Rb, Ba and possibly Sr. Also, oxides^^ 
l i k e MgO and CaO, t h a t can be a f f e c t e d s t r o n g l y by the development 
of secondary mineralogies, may have f l u c t u a t e d . However, i t i s 
believed (Section 5:3) t h a t most major oxides and immobile trace 
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Figure 5.7 
Harker diagrams f o r the major and minor elements 
of the Rossland volcanic rocks. 
(Crosses = pyroxenites) 
Also shown are average mineral compositions estimated 
from the microprobe data (except o l i v i n e , FO^n):-
oU 
PX - Clinopyroxene 
PL - Plagioclase 
0 - O l i v i n e 
A - Amphibole 
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Part of the plane nepheline - plagioclase -
diopside - quartz ( p r o j e c t e d from o l i v i n e ) i n the 
normative basalt tetrahedron. P l o t t e d points 
are Rossland v o l c a n i c s , plus pyroxenites. T i e -
l i n e s j o i n analysed amphiboles w i t h the host rocko 
Note the Ne-normative character of the amphiboles. 
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NEPHELINE 
/ 7 T 
PLAGIOCLASE 
X Pyroxenite 
• Ankaramitic Basalt 
Basalt (+amphibole) 




The plane p l a g i o c l a s e - d i o p s i d e - o l i v i n e i n the 
normative basalt tetrahedron. ('Olivine' includes 
the o l i v i n e component of e n s t a t i t e ; i . e . p r o j e c t i o n 
i s from q u a r t z ) . Dashed l i n e s are 1 atm. c o t e c t i c s 
taken from Cox & B e l l (1972), f o r n a t u r a l basalts 
(symbols as f o r Fig.5.8), 
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elements haue r e t a i n e d , to some exte n t , magmatic couariances. 
(2) C r y s t a l Accumulation: The s t r o n g l y p o r p h y r i t i c nature 
of the Rossland s u i t e rocks makes i t almost c e r t a i n t h a t many 
samples show n o n - l i q u i d compositions. I f the l i q u i d l i n e of 
descent, though, i s c o n t r o l l e d by the f r a c t i o n a t i o n of the observed 
phases, then t h i s problem may not be serious. I f , however, a h i g h _ 
pressure c r y s t a l f r a c t i o n a t i o n or p a r t i a l melt trend i s present, 
then low-pressure f r a c t i o n a t i o n can s e r i o u s l y obscure i t . I t i s l i k e l y 
' t h a t t h i s process has occurred to a degree i n the Rossland uolcanics. 
P a r t i c u l a r l y , the v a r i a b l e AI2O2 content i n the low-SiO^ rocks 
(Fig.5,7) i s probably due to modal v a r i a t i o n s of augite. 
(3) Sampling: The rocks sampled and analysed come from a 
dominantly c l a s t i c sequence. Thus, a r e s u l t i s t h a t temporal and 
s p a t i a l patterns i n geochemistry have been scrambled to some extent, 
by sedimentary processes. I t i s i n e v i t a b l e , t h e r e f o r e , t h a t although 
a l l of the volcanics come from a s i n g l e magmatic province, several 
d i f f e r e n t volcanic centres may be represented. The broad areal 
d i f f e r e n c e s i n chemistry and rock-type suggest t h i s . For example, 
ankaramitic basalts are found predominantly i n the Ymir to Nelson 
r e g i o n , w h i l s t more f e l d s p a t h i c basalts and andesites are p a r t i c u l a r l y 
common i n the Eerie Creek/Keystone fou n t a i n region (Fig.1.1). 
najor and minor elements 
V a r i a t i o n of these elements, expressed as oxides, i s shown i n 
both Harker diagrams (Fig.5.7) and normative, basalt-tetrahedron 
p l o t s ( F i g s . 5.8, 5.9). Broadly, i t i s apparent t h a t with SiO^ 
increase, Na^ Q and K^ O increase, w h i l s t Fe^O^ , NgO, CaO and l^ nO 
decrease. '^ 1-2^ 3 ^ tendency to increase at f i r s t and then l e v e l 
* A l l Fe as ^^2^3' 155 
o f f . P^ O^  and T-iO^ show a s l i g h t trend through a maximum at 
about 52-54 per cent SiD^. The pyroxenite cumulates p l o t , i n 
general, on a backward extension of the uolcanic trends. 
When p l o t t e d i n the basalt tetrahedron the rocks, except 
at the f e l d s p a t h i c end of the t r e n d , p l o t ouer the c r i t i c a l plane 
of s i l i c a - u n d e r s a t u r a t i o n ( F i g . 5.8), A number of samples are I\le-
normatiue, though Na20 m o b i l i t y may be p a r t l y responsible. In 
the plane d i o p s i d e - o l i u i n e - p l a g i o c l a s e (the c r i t i c a l plane), as 
shown i n F i g . 5.9, the s u i t e occupies a broad band running roughly 
p a r a l l e l to the j o i n diopside-plagioclase. The pyroxenites p l o t 
some way from pure diopside and i n d i c a t e a s i g n i f i c a n t o l i v i n e 
component. Thus i t seems that variation i s broadly c o n t r o l l e d by augite 
and p l a g i o c l a s e , the most commonly observed phases, and minor o l i v i n e . 
In F i g . 5.9 are also shown the 1 atm. c o t e c t i c s f o r n a t u r a l basalts 
(Cox & B e l l , 1972), and very g e n e r a l l y , the Rossland rocks appear 
to be r e l a t e d to these. However, they are u n l i k e l y to be s t r i c t l y 
v a l i d due to the i n f l u e n c e , as shown i n Chapter 4, of s i g n i f i c a n t 
H^O vapour pressure. This would have the e f f e c t of reducing the 
primary phase volume of plagioclase and i n t r o d u c i n g a phase volume 
of amphibole (Cawthorn, 1976a, b ) . 
The mineralogical c o n t r o l on the v a r i a t i o n can be viewed i n 
more d e t a i l by p l o t t i n g the r e l e v a n t minerals i n the Harker diagrams 
( F i g . 5.7). Considering f i r s t l y the trend from ankaramitic basalt 
to b a s a l t (47-53 per cent Si02), i t i s clear t h a t clinopyroxene 
( a u g i t e ) cannot be s o l e l y responsible due to i t s high SiD^ 
( ^ 50 per c e n t ) . The Al^D^ - SiO^ p l o t ( F i g . 5.7) shows that 
o l i v i n e i s most l i k e l y to be an a d d i t i o n a l c o n t r o l l i n g phase. 
* 
S i m i l a r l y , i n Fig. 5.7, the Fe^O^ - SiO^ p l o t i n d i c a t e s a 
c o n t r i b u t i o n from magnetite, a l b e i t a small one. Since o l i v i n e 
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i s not abundant i n the ankaramitic basalts, i t i s possible there 
i s a s u p e r p o s i t i o n of trends here. This type of s i t u a t i o n i s 
described by Cox & B e l l (1972) f o r lavas of the New Hebrides, 
which though l y i n g on a s t r i c t o l i v i n e - c o n t r o l l i n e , contain 
abundant clinopyroxene as phenocrysts. I t i s possible, t h e r e f o r e , 
t h a t a s e r i e s of magmas,delivered i n t o a c r y s t a l magma chamber, 
showed varying degrees of o l i v i n e f r a c t i o n a t i o n ( c f . O'Hara, 1968) 
but grew and f r a c t i o n a t e d clinopyroxene at low pressure. This, i n 
the Rossland case, has produced cross-trend s c a t t e r . Trace element 
evidence f o r the c o n t r o l by o l i v i n e i s discussed below. Cr-spinel 
may have also p a r t i c i p a t e d i n the early f r a c t i o n a t i o n of the s u i t e , 
being a high-temperature c r y s t a l l i z i n g phase ( I r v i n e , 1967), The 
Grenadan p i c r i t e - b a s a l t chemical trend , dooumented by Arculus (1976), 
i s also believed to be due to Cr-spinel f r a c t i o n a t i o n , i n a d d i t i o n to 
pyroxene and o l i v i n e . 
The more evolved end of the s u i t e (53-60 per cent SiO^) shows 
the i n f l u e n c e of an aluminous phase. P o s s i b i l i t i e s are plagioclase 
and amphibole. I t seems u n l i k e l y , however, t h a t clinopyroxene and 
p l a g i o c l a s e alone can account f o r the observed v a r i a t i o n , since in' 
the d i f f e r e n t p l o t s i n Figs. 5.7 d i f f e r e n t proportions of these 
minerals are required. Amphibole, then, i s a strong p o s s i b i l i t y 
as an a d d i t i o n a l c o n t r o l l i n g phase, and i t also has the advantage 
of a low Si02 content. From F i g , 5,7 amphibole can be seen to 
p l o t on a backward extension of the trends, though, as was shown 
p e t r o g r a p h i c a l l y , i t must have coexisted w i t h clinopyroxene and 
p l a g i o c l a s e . However, the d i f f e r i n g d e n s i t i e s of the minerals 
ensure t h a t clinopyroxene and amphibole are more l i k e l y to be 
e f f e c t i v e than the modally greater plagioclase. Probably, a 
process as envis aged by Cox & B e l l (1972) f o r t h e New Hebrides 
lavas was operative. That i s , the bulk-rock compositions p l o t t e d 
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across c o t e c t i c l i n e s due t o the d i f f e r e n t i a l s e t t l i n g a b i l i t y of 
the phenocrysts. 
Another important phase to consider i s titaniferous magnetite. 
That the Fe^O^ - SiO^ trend ( F i g . 5.7 ) p l o t s above a l l the 
s i l i c a t e phases mentioned, i n d i c a t e s magnetite f r a c t i o n a t i o n has 
occurred. This i s expected, e s p e c i a l l y as magnetite i s often 
included i n clinopyroxene phenocnysts. There i s evidence, though, 
t h a t magnetite was more e f f e c t i v e a t the evolved end of the trend, 
as w i l l be shown below. Here, the tendency f o r TiO^ to s t a r t to 
de c l i n e above about 53 per cent SiO^ ind i c a t e s the combined influence 
of amphibole and magnetite i n c o n t r o l l i n g the v a r i a t i o n . 
F i g . 5.8 shows the e f f e c t of amphibole on composition i n the 
bas a l t tetrahedron. That amphibole i s Ne-normative, has caused 
various authors to consider i t as a useful phase i n producing a 
t r a n s i t i o n across the c r i t i c a l plane towards normative quartz, 
(e.g. Cawthorn et a l . . 1973; Cawthorn & O'Hara, 1976). The rare 
appearance of amphibole i s explained by i t s tendency to react out as 
the magma ascends, as discussed i n Chapter 4. 
Trace elements 
F i g . 5.10 shows the trace elements p l o t t e d against 
SiO^. As observed above, s c a t t e r i s considerable i n the elements 
Rb, Ba and Sr, and t h i s i s mainly due to secondary m o b i l i z a t i o n . 
Cu, too, i s v a r i a b l e and t h i s may be due to the development of 
second'ary sulphides. 
As might be expected, l\li and Cr decrease with increased SiO^, 
whereas Zr, Nb and Y tend to increase. 
In the e a r l i e r discussion i t was shown t h a t the basic end 
of the trend i s c o n t r o l l e d predominantly by clinopyroxene and o l i v i n e . 
This f a c t i s p a r t i c u l a r l y evident i n Fig. 5.11, a Ni-Cr logarithmic 
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Figure 5,10 
Harker diagrams f o r the trace elements of 
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Figure 5.11 
Ni versus Cr l o g a r i t h m i c p l o t . Arrows 
i n d i c a t e approximate f r a c t i o n a t i o n paths f o r a 
l i q u i d c o n t r o l l e d by e i t h e r o l i v i n e or 
clinopyroxene (see t e x t f o r f u r t h e r discussion), 
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p l o t . I n t h i s p l o t , t r a c e element trends governed by a Rayleigh-
type process, or an incremental f r a c t i o n a t i o n process, tend to p l o t 
on a s t r a i g h t l i n e . On F i g , 5.11 are shown o l i v i n e and clinopyroxene 
c o n t r o l l i n e s based, g e n e r a l l y , on published p a r t i t i o n c o e f f i c i e n t 
data (e.g. Flower, 1973; Henderson & Dale, 1970). Olivine i t s e l f 
does not r e a d i l y take Cr"^ "*" i n t o i t s s t r u c t u r e , though common incl u s i o n s 
of Cr-spinel w i t h i n o l i v i n e allows i t to subtract Cr from the l i q u i d . 
Pyroxenes tend t o incorporate both Ni and Cr p r e f e r e n t i a l l y , compared 
to the s i l i c a t e melt, but s t r o n g l y favour Cr. The generally constant 
value f o r Ni/Gr f o r the s u i t e , as shown i n Fig. 5.11, therefore 
i n d i c a t e s a degree of o l i v i n e as w e l l as pyroxene f r a c t i o n a t i o n . 
The behaviour of Y i s i n t e r e s t i n g i n t h a t i t tends to p a r t i t i o n 
i n t o amphibole t o an extent equal t o , or greater than the melt 
(Lambert & Holland, 1974), u n l i k e other s i l i c a t e phases (except 
garnet) i n which Y behaves incompatibly. I t can be seen i n Fig, 5.10 
t h a t the trend f o r Y tends t o f l a t t e n above 53 per cent SiO^,indicating 
t h a t i t i s being subtracted, to some extent, from the magmas and 
most probably by amphibole. 
U i s a usef u l element i n e l u c i d a t i n g magnetite behaviour ( c f . 
3+ 
Taylor e t a l . , 1969b) since i t r e a d i l y s u b s t i t u t e s f o r Fe . U,as 
i s evident from Table 5.3,shows a strong c o r r e l a t i o n w i t h Fe and Mn. 
C o r r e l a t i o n of V/ wi t h SiO^, l i k e Fe-Si, i s negative, i n d i c a t i n g 
magnetite f r a c t i o n a t i o n . When U i s p l o t t e d against MgO, however, 
a c l e a r e r p a t t e r n emerges ( F i g . 5.12). This p l o t shows t h a t a t the 
ankaramite end of the trend U increases as HgO decreases. This 
does not preclude magnetite f r a c t i o n a t i o n but indi c a t e s the amount 
of clinopyroxene and o l i v i n e was suf f i c i e n t to cause a net increase; 
p a r t i t i o n c o e f f i c i e n t s f o r these minerals relative to melt f o r U are 
less than 1. The change to U de p l e t i o n w i t h PlgO decrease i s 
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FiQure 5,12 
MgO versus \1 diagram (Symbols as i n Fig,5.10), 
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probably due to the cessation of o l i v i n e f r a c t i o n a t i o n , and the f a c t 
t h a t magnetite becomes r e l a t i v e l y more important. Also, the 
incoming of amphibole, i n which s i g n i f i c a n t Fe"^* i s incorporated, 
may aid the decline i n U. 
Despite the f a c t t h a t the o v e r a l l trends are e x p l i c a b l e by 
c r y s t a l f r a c t i o n a t i o n of the observed phenocrysts, i t i s also 
evident t h a t a number of d i f f e r e n t l i q u i d l i n e s of descent, and/or 
p a r t i a l - m e l t v a r i a t i o n s , have been sampled. The l a t t e r e f f e c t i s 
shown to be operative i n the Grenadan Suite (Arculus, 1973), since 
f o r r e l a t i v e l y r e s t r i c t e d major element compositions, various 
incompatible or compatible trace elements can vary widely. A 
s i m i l a r example i s given by Baxter (1976) f o r an ocean-island s u i t e 
of lavas. In these rocks a p a r t i a l melt sequence i s p a r t i c u l a r l y 
w e l l preserved, incompatible elements showing sharp enrichments 
w i t h very s l i g h t increases of MgO, 
That these types of chemical v a r i a t i o n e x i s t i s to be expected 
then, and i n the Rossland s u i t e i t i s l i k e l y that a s i m i l a r range of 
p a r t i a l melts are represented, together with t h e i r respective low-
pressure c r y s t a l l i z a t i o n trends. For example, samples 5104 and 
5108 (Table 5.10) have b a s a l t i c compositions i n terms of major 
elements, but have low fOi and Cr concentrations and high K, Rb and 
Ba contents. Thus, compared to samples 5013 aid 5055 (Table 5.10) 
f o r example, 5104 and 5108 possibly represent a lower degree of 
p a r t i a l m elting. 
Differences are also apparent i n the andesitic v a r i e t i e s • 
I n Figs. 5.7 and 5,10 a few samples p l o t w i t h anomalously low K^ O 
and Rb contents, l y i n g below the main trend. These samples have 
poss i b l y s u ffered K2O and Rb loss due to a l t e r a t i o n , but there i s 
no evidence i n t h i n - s e c t i o n t h a t these samples are any more or less 
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TABLE 5.10 
TABLE SHGiiJING THE RANGE IN TRACE ELEf'1EI\IT:C0NCENTRATI0N5 
(PARTICULARLY Ni and Cr) IN THE ROSSLAND BASALTS (SEE TEXT 
FOR DISCUSSION (p.164 ) 
l i i t . ^ 5104 5108 5013 5055 
SiO^ 51,78 53.22 51,79 51.77 
Ti02 0.99 1.11 0.91 0.85 
AI2O3 13,62 15.30 15.16 14.16 
fB^O^* 11,60 9,14 10,43 ' 11.64 
mo 0,21 0.11 0,13 0,19 
MgO 5.98 7.24 5.75 7,90 
CaO 8.80 7.05 10,47 7,43 
Na20 2,21 3,87 2,87 2.78 
H2O 4,38 2,42 2,21 2.91 










56 94 114 69 
5 2 56 90 
73 33 152 194 





Nb 5 7 4 4 
120 111 115 104 
24 24 21 19 
1123 995 694 869 
131 40 51 63 
102 37 94 109 
26 13 20 14 
17 11 16 10 
321 368 272 306 
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a l t e r e d than any of the others. Thus, they e i t h e r represent 
d i f f e r e n t p a r t i a l melt episodes, possibly due to anomalously 
high H^ O pressure ( c f , Kushiro, 1972; N i c h o l l s , 1974), or 
d e r i v a t i o n from b a s a l t i c compositions already depleted i n K and Rb. 
In summary, i t is proposed that the broad chemical trend of the 
Rossland s u i t e can be ascribed to the f r a c t i o n a t i o n of observed 
phases i n c r u s t a l r e s e r v o i r s . S i g n i f i c a n t l y , a r o l e i s assigned 
to amphibole which, on the basis of the discussion i n Chapter 4, 
l i m i t s P<^ 'g to less than 2 Kb. (2-3 wt.per cent H^ O) and t o t a l P 
to less than 10 Kb., the upper s t a b i l i t y of plagioclase. I n 
a d d i t i o n , i t i s apparent t h a t several c r y s t a l f r a c t i o n a t i o n trends 
e x i s t , c o n t r o l l e d by s i m i l a r mineral phases and o r i g i n a t i n g i n 
parent melts of d i f f e r e n t composition due t o varying degrees of 
p a r t i a l m e lting. 
5;5;2 O r i g i n of the Rossland magmas 
The o r i g i n of various i s l a n d arc, and p a r t i c u l a r l y a n d e s i t i c 
magmas has been a major problem of petrogenesis, and the l a s t ten 
years, p a r t i c u l a r l y , have seen a considerable debate conducted. I t 
i s now generally agreed t h a t these magmas, though possibly affected 
by c o n t i n e n t a l c r u s t where t h i s i s present, o r i g i n a t e e i t h e r i n the 
mantle wedge o v e r l y i n g the subduction zone or i n the subducted slab 
i t s e l f . A l t e r n a t i v e l y , as Ringwood (1974) proposes, a two-stage 
process i s operative, the subducted slab c o n t r i b u t i n g H2O and, a t 
greater depth, s i l i c i c melts t o the ov e r l y i n g mantle which then 
p a r t i a l l y melts. A question also surrounds the problem of whether 
a n d e s i t i c melts are primary magmas or whether they are lower pressure 
f r a c t i o n a t i o n products of b a s a l t . The former view i s held by, f o r 
example, Warsh & Carmichael (1974) and Kushiro (1972). Cawthorn 
& O'Hara (1976), on the other hand, see andesite as derived from 
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b a s a l t , p r i m a r i l y by amphibole f r a c t i o n a t i o n . They also question 
the p r o b a b i l i t y of d e r i v i n g andesite d i r e c t l y from e i t h e r the mantle 
or subduction zone, unmodified. 
Whether or not andesite i s a primary magma, basalt, to varying 
degrees, i s i n v a r i a b l y associated w i t h andesite ( c f , f»liy*.shiro, 1974) 
and t h i s , too, has t o be explained. To derive a basalt from the 
subducted slab r e q u i r e s , by d e f i n i t i o n , almost 100 per cent p a r t i a l 
m e l t i n g . I f t h i s i s so, then i t i s often very hard to match the 
composition of is l a n d - a r c basalts w i t h the o l i v i n e - t h o l e i i t e source, 
e s p e c i a l l y w i t h regard to immobile trace elements (Brown et a l . , 
1977; G i l l , 1974), 
When a l k a l i c or p i c r i t i c basalts are involved, as i n Grenada 
(Ar c u l u s , 1976), the d i f f i c u l t i e s r e f e r r e d to above become impossible 
(Arculus, 1973) and an upper mantle o r i g i n must be postulated. Since 
andesites w i t h i n a province a r e , t y p i c a l l y , compositionally gradational 
w i t h associated b a s a l t s , f o r example i n Oapan (Kuno, 1966), i t seems 
reasonable to suppose they too are mantle derived, e i t h e r representing 
a d i f f e r e n t degree of p a r t i a l melt, or a d i f f e r e n t i a t i o n product,' 
This idea i s generally substantiated by the Rossland s u i t e , as w i l l 
be shown, which although not a t y p i c a l a n d e s i t i c , c a l c - a l k a l i n e 
a s s o c i a t i o n , i s an i s l a n d - a r c s u i t e . 
With regard t o the a n k a r a m i t i c / b a s a l t i c end of the spectrum 
i t i s c l e a r , by the same reasoning as t h a t mentioned above, th a t 
these compositions cannot be derived by any degree of p a r t i a l 
m elting of an ocean-floor b a s a l t . The Si02 content of the most 
basic Rossland rocks i s s i m i l a r t o an average ocean-floor basalt, 
( c f . Engel & Engel, 1964) but RgO i s generally higher. Hore ^ 
i m p o r t a n t l y , T i , Zr, Y and Nb l e v e l s i n the Rossland ankgramatic 
basalts do not resemble ocean-floor averages ( c f . Figs, 5.3, 5.4). 
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That TiO^ i n the Rossland basalts i s lower than in the ocean-floor 
basalts requires t h i s element to be r e f r a c t o r y up t o IDO per cent 
m e l t i n g , which i s most u n l i k e l y . 
Thus, i t i s necessary to consider an upper mantle o r i g i n 
f o r the s u i t e , A commonly used t e s t of whether a l i q u i d (or 
b a s a l t ) i s i n e q u i l i b r i u m w i t h an o l i u i n e (or mantle), i s to 
apply the data of.Roedder& Emslie (1970) on l i q u i d - o l i u i n e 
p a r t i t i o n i n g of Fe and Mg: 
= (Fe/ng)^^ x ((vig/Fe)|_.^ = 0 . 3 . 
On the assumption t h a t upper mantle o l i v i n e s haue a Mg-number of 
^ 91 (Plysen, 1975), the corresponding Mg-number of the e q u i l i b r a t e d 
l i q u i d i s 78. The most basic ankaramitic basalts show Mg-numbers 
of less than 68. Only one sample, 4119, which i s exceptionally 
basic (ngO = 21 per cent, Ni = 830 ppm) has a Wg-number of 78, 
U n f o r t u n a t e l y , t h i s sample i s highly a l t e r e d . Thus, i t would 
appear t h a t nearly a l l of the sampled basalts and ankaramitic 
basalts are not unmodified p a r t i a l meits from the upper mantle. 
Other data on K^^ (defined above) reported by Nicholls & Lorenz 
(1973) and determined at pressures of 2-lOKb, and under hydrous 
c o n d i t i o n s , give an average of 0.4. This"renders the Rossland 
magmas even less l i k e l y to be unmodified p a r t i a l melts. Although 
riysen & Boettcher (1975) and Mysen (1C75) have shown low Mg/fe 
r a t i o l i q u i d s can c o e x i s t w i t h mantle mat e r i a l under high f g 
3+ 2+ ^ t h i s r e q u i r e s , f o r the Rossland samples, Fe /Fe r a t i o s of greater 
than 1, which i s u n l i k e l y . Also, i t i s u n l i k e l y t h a t Fj, was above 
2 
NNO during the e v o l u t i o n of the s u i t e , and thus w e l l below the f g 
required by the data of Hysen (1975) f o r e q u i l i b r i u m l i q u i d s to 
have Hg-numbers of 65. 
The conclusion reached, t h e r e f o r e , i s t h a t w h i l s t the basic 
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Rossland rocks are mantle derived, they were not erupted 
unmodified. With reference to Fig. 5,13 a scheme i s suggested 
t h a t can e x p l a i n , i n terms of major oxides at l e a s t , the early 
petrogenesis of the s u i t e . 
F i g . 5,13 shows a number of representatiue basalts and 
ankaramitic basalts p l o t t e d i n two pr o j e c t i o n s w i t h i n the system 
C-M-A-S (O'Hara, 1968), Also shown are the anhydrous phase 
boundaries f o r various pressures, taken from O'Hara (1968), The 
samples, i n general, p l o t s l i g h t l y t o the undersaturated side of 
the c r i t i c a l plane, and i n both diagrams show a very broad o l i v i n e -
c o n t r o l l e d trend. F i g , 5,13 shows, i n a d d i t i o n , the sc a t t e r of the 
ankaramites, representing lower pressure accumulation or f r a c t i o n a t i o n 
of clinopyroxene. I t i s evident t h a t the samples show no simple 
r e l a t i o n to any of the five-phase i n v a r i a n t p o i n t s , nor, as the above 
discussion i m p l i e s , would they be expected to as they represent non-
e q u i l i b r i u m magmas. I t i s envisaged t h a t a t , say, 3DKb a series of 
p a r t i a l melts o r i g i n a t e (a to b i n Fig, 5,13) t h a t subsequently 
become decoupled from the surrounding mantle. On ascent these 
p a r t i a l melts f r a c t i o n a t e o l i v i n e ; a process, as emphasized by 
O'Hara ( 1968), t h a t i s very l i k e l y due t o the rapi d expansion 
of the o l i v i n e primary phase volume with decreasing pressure. Thus, 
the area compositionally represented by a to b ( F i g , 5,13) would, 
by o l i v i n e s u b t r a c t i o n , lead to compositions s i m i l a r to the Rossland 
samples. At c r u s t a l l e v e l s , say 2-5Kb, the magmas would enter 
r e s e r v o i r s and re-equilibrate»precipitating clinopyroxene and 
pl a g i o c l a s e . 
I t i s also i n t e r e s t i n g t h a t the p a r t i a l melts represented by 
a-b ( F i g , 5,13) are i n e q u i l i b r i u m w i t h garnet and would therefore 
have LREE enriched p a t t e r n s . On average, the Rossland basalts show 
LREE enriched p a t t e r n s . This can be seen by considering the 
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Figure 5.13 
Pro j e c t i o n s i n the C-W-A-S system of OJ^Hara (1968), 
( A ) P r o j e c t i o n from MS ( e n s t a t i t e ) onto the 
plane k^S^-C^S^-n^S. 
( B ) P r o j e c t i o n from CMS^ (di o p s i d e ) onto the 
plane C^A-S-M. 
Phase boundaries at various pressures are f o r 
anydrous magmas (taken from O'Hara, 1968). a-b . 
represents possible range of p a r t i a l melts p a r e n t a l 
to the Rossland volcanics (squares - ankaramites; 




elements La, Ce and Y, the l a t t e r -behaving very s i m i l a r l y 
to the HREE (Taylor, 1965), I f the average values f o r these 
elements, taken from Table 5,2,are normalised to chondrite 
the LREE are enriched twenty times whereas the HREE only nine times. 
So f a r , only anhydrous conditions have been considered, as 
in d i c a t e d by Fig. 5.13, w h i l s t , as shown i n Chapter 4, hydrous 
c o n d i t i o n s were operative. However, i t was suggested i n Chapter 4 
t h a t a t c r u s t a l levels, when amphibole was p r e c i p i t a t i n g w i t h 
pyroxene and plagi o c l a s e , p. 'was less than 0,5P . At the 
H2D t o t 
greater depths of p a r t i a l melting and p r i o r to any great extent of 
anhydrous-phase f r a c t i o n a t i o n , which would increase H2O i n the 
melt, g was even less e f f e c t i v e . Also, under saturated H2O 
conditions^ c o n t r a c t i o n of the primary phase volume of olivine i s 
severely retarded w i t h pressure, allowing s i l i c e o u s l i q u i d s to 
develSip as p a r t i a l melts (iMicholls, 1974; Nicholls and Ringwood, 
1973; Wysen & Boettcher, 1975b): Such conditions are not apparent 
i n the Rossland case. As Green (l973) and Flysen & Boettcher il97sb) 
show, undersaturation w i t h respect to H2O, due e i t h e r to low H2O 
contents or high a c t i v i t i e s of C02» restores the trend of p a r t i a l 
melt composition,with depth,towards Si02 undersaturation. In 
f a c t , the r o l e of CO2 i s only r e c e n t l y becoming understood and i t 
may play as s i g n i f i c a n t a r o l e as H2O i n determining mantle-melt 
petrogenesis (Rysen e t _ a l , , 1976), Possibly, the presence of 
carbonates i n the oceanic c r u s t (e,g. Scarfe & Smith, 1977) i s 
e f f e c t i v e i n i n t r o d u c i n g CO2 i n t o an island-arc regime, 
analagous, to amphibole and serpentine w i t h respect to H2O. 
To r e t u r n to the model o u t l i n e d , the broad chemical con-
sequences of such a process can be i n f e r r e d by comparison with 
the B a f f i n Bay basalts (Clarke, 1970), Here, a w e l l c o n t r o l l e d 
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( o l i v i n e ) group of basalts and p i c r i t e s show that p a r t i a l melting 
at about 30 kb produces a hypersthene-normative p i c r i t i c l i q u i d 
(Table 5.11, A , ) , which by polybaric o l i v i n e f r a c t i o n a t i o n leads 
to a ba s a l t composition i n d i c a t e d by analysis B (Table 5.11). 
Subsequently, such a basalt i n B a f f i n Bay f r a c t i o n a t e s at low 
pressure to other, more evolved basalts characterised by enrichment 
i n TiO^ and Zr. Comparison of analysis B with 2, a Rossland 
ankaramitic basalt (Table 5.11) shows a considerable s i m i l a r i t y . 
P a r t i c u l a r l y , WgO/CaO r a t i o s are near 1, Mg-numbers are both near 
65, and TiO^, Zr and Y l e v e l s are low. The maintenance of low 
TiO^ and Y l e v e l s i n the Rossland area at more evolved compositions, 
i n c o n t r a s t to the B a f f i n Bay case, probably r e f l e c t s the more 
hydrous and o x i d i s i n g conditions whereby amphibole and magnetite are 
more e a s i l y s t a b i l i s e d . At high pressure though, the analogy i s 
u s e f u l . Also tabulated i n Table 5.13 i s the sample 4119, r e f e r r e d 
to above. Although h i g h l y a l t e r e d , i t i s comparable i n many 
respects to analysis A(Table 5.13), believed by Clarke(l97D) to represent a 
near'fy unmodified partial melt from about 30 kb • 
Whilst the analogy w i t h B a f f i n Bay holds generally f o r the major 
elements, when the elements K, Rb, Ba and Sr are considered i t does 
not. A feature of i s l a n d - a r c magmatism, as seen i n the data of 
Dakes & White (1972b), i s the a b i l i t y f o r these elements to vary 
considerably, w h i l s t the incompatible, highly-charged cations (Zr, 
l\lb, T i ) vary comFaratively l i t t l e . This suggests t h a t a c o n s t r a i n t i s 
placed on the primary p a r t i a l melt composition at i t s source such 
t h a t i s l a n d arc magmas, when erupted, are d i s t i n g u i s h a b l e by these 
trace elements from ocean-floor or ocean-island basalts, f o r example. 
The reasons f o r these i n i t i a l c o n s t r a i n t s could be due to e i t h e r 
m i n e r a l o g i c a l or chemical heterogeneity i n the mantle, or both. 
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TABLE 5,11 
COnPARATIUE DATA FDR BAFFIN BAY BASALTS AND. .PTRRTTES 
AND SELECTED ROSSLAND SAMPLES (SEE TEKT FDR DISCUSSIC 
l l J t . % A B 1 2 
Si02 45,1 47.5 45.39 48.54 
Ti02 0,76 0.97 0.70 0.79 
AI2Q3 
Fe20| 
10,8 13.8 10,08 11.08 
10.26 9.67 11,84 10,67 
nnO 0,18 0,17 0.18 0,21 
RgO 19.7 11,8 21,86 11,64 
CaO 9.2 11,7 8,95 10,67 











To t a l 97.21 97.34 lOD.OO 100,00 
ppm 
Ni 943 314 828 147 
Cr 1847 889 1820 577 
Ba 55 56 153 577 
Rb 2 2 13 38 
Sr 186 161 135 608 
Y 18 21 14 14 
Zr 52 66 48 48 
Ng-number 78 68 78 66 
A Group I I average. B a f f i n Island (Clarke, 1970) 
B Group I I I I I t i I I 
1 ' P i c r i t e ' 4119, Rossland volcanics 
2 Ankaramitic b a s a l t , 5538B, Rossland volcanics 
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In i sland-arc environments the presence of H^ O, p a r t i c u l a r l y , 
i s considered ihiportantin producing hydrous phases i n the source region. 
Dakes & White (1970, 1972t) consider that v a r i a t i o n s i n the elements 
K, Rb and Ba could be due to the r e l a t i v e s t a b i l i t i e s of phlogopite 
and amphibole. As the experimental work of Forbes & Flower (1974) 
and nodreski & Boettcher (1972) show,phlogopite, p a r t i c u l a r l y i f 
T i - r i c h , i s stable to higher temperatures and pressures than 
amphibole. Magmas produced when amphibole, but not phlogopite, 
breaks down w i l l be generally poor i n incompatible elements such 
as K, Rb and Ba, these being s t r o n g l y retained i n phlogopite. At 
greater depths (greater than 25 Kb),amphibole i s not stable and i f 
there i s no excess vapour,melting w i l l s t a r t when phlogopite breaks 
down, and the f i r s t melt w i l l be r i c h i n incompatibles. Flower 
( l 9 7 l ) regards the dif f e r e n c e s i n ocean-island basalt types to be 
r e l a t e d i n t h i s way to Ti-phlogopite c o n t r o l . 
I n order to s t a b i l i z e phlogopite, however, K^ D i n reasonable 
abundance is.necessary,-in a d d i t i o n to H^ Q.- This e f f e c t i s 
shown i n the experimental work of Mysen & Boettcher (1975a), where 
normal I h e r z o l i t e s w i t h of less than 0.04 wt. per cent do not 
s t a b i l i z e phlogopite, a l l going i n t o amphibole. Thus, i n 
a d d i t i o n to mineralogical d i f f e r e n c e s w i t h i n the mantle, i f phlogopite 
i s present, chemical d i f f e r e n c e s must e x i s t . Arculus & Curran (1972) 
make the poin t t h a t i n order to explain v a r i a t i o n s of magma type, especially 
i n i s l a n d arcs,sourer heterogeneity i s l i k e l y as a r e s u l t of the previous 
h i s t o r y of the source block of mantle. For example, l i t h o s p h e r i c 
mantle near a c o n t i n e n t a l margin may be enriched i n c e r t a i n elements 
due to exchange between c r u s t and mantle. I f a mantle affected i n 
t h i s way becomes a source f o r island-arc magmas, i t would be expected 
t h a t the magmas produced would be generally enriched i n incompatibles 
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such as K, Rb, Ba and Sr, but otherwise normally b a s a l t i c and 
p r i m i t i v e w i t h regard to Ni and Cr. Another possible source 
f o r these l a r g e - i o n l i t h o p h i l e elements i s the sub^uction zone. 
As Ringwood (1974) suggests, at 100 to 180 Km i n the subduction zone, 
temperatures are high enough to promote p a r t i a l melting of the slab 
to produce s i l i c i c magmas and to release H2O from serpentine. I f 
these products, over time, react w i t h the over l y i n g mantle they may 
en r i c h i t i n incompatible elements, Incompatibles such as K, Rb, 
Ba and Sr could be enriched i n the mantle purely due to the percolation 
upwards of H2O s o l u t i o n s , which i s as suggested by Best (1975), niyashiro 
(1974) and Dames et a l . (1976) f o r other c a l c - a l k a l i c s u i t e s . 
I n summary then, i t i s envisaged t h a t the Rossland magmas evolved 
f i r s t l y by p a r t i a l melting of enriched (K, Rb, Ba and Sr) upper mantle 
above a subduction zone. Generally, H2O conditions were quite under-
sa t u r a t e d . These i n i t i a l p a r t i a l melts rose and f r a c t i o n a t e d o l i v i n e 
u n t i l they entered c r u s t a l r e s e r v o i r s (2-7 Kb), At t h i s stage the 
basic magmas were r i c h i n p o t e n t i a l diopside and would occur as augit e -
r i c h ankaramitic b a s a l t s . Continued f r a c t i o n a t i o n of o l i v i n e w i t h 
pyroxene (and magnetite) then leads to the production of the normal 
b a s a l t i c v a r i e t i e s , A build-up of H2O pressure and f ^ by t h i s stage 
also permitted the ea r l y appearance and f r a c t i o n a t i o n of amphibole and 
Ti-magnetite, which produced the an d e s i t i c v a r i e t i e s . The lack of 
hi g h l y evolved d a c i t i e j o r r h y o l i t i c m a t e r i a l may be, i n p a r t , due to 
the easy access the magmas had to the surface, possibly along the l i n e 
of an ol d suture, (Chapter 9 ) , 
5;6 ninor i n t r u s i o n s 
The chemistry of the few analysed minor i n t r u s i o n s ( i , e , 
amphibole-bearing dykes, amphibole-free dykes, d o l e r i t i c i n t r u s i o n s ) 
i s i l l u s t r a t e d i n Figs. 5,14 and 5,15, The f i e l d s of the volcanic 
rocks ( c f . Figs. 5.7, 5.10) are shown f o r comparison. Generally, 
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Figure 5,14 
Harker diagrams f o r the minor i n t r u s i o n s 
(major and minor elements). The f i e l d of the 
volcanics i s also i n d i c a t e d . 
Crosses - D o l e r i t i c i n t r u s i o n s 
Triangles = Amphibole-free minor i n t r u s i o n s 
Dots = Amphibole-bearing minor i n t r u s i o n s 
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Figure 5 . 1 5 
Harker diagrams f o r the minor i n t r u s i o n s 
( t r a c e elements). The f i e l d of the volcanics 
i s also i n d i c a t e d . 
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i t can be seen t h a t the chemistries of the two sets of rocks 
are s i m i l a r . Howeuer, systematic d i f f e r e n c e s i n some elements 
are evident. P a r t i c u l a r l y , TiO^ and Zr are enriched i n the 
amphibole-bearing rocks. Y and |\|b are also uery marginally 
higher i n the i n t r u s i v e rocks. The high value of TiO^ may be 
e x p l i c a b l e i f the magmas were enriched i n amphibole, which i s 
q u i t e l i k e l y i n view of t h e i r p o r p h y r i t i c nature ( c f . Plate 31 ) . 
In c o n t r a s t to the highly charged, incompatible cations 
( T i , Zr, Y and Nb) mentioned above, compatible elements such as 
Ni and Cr are generally very low, i n d i c a t i n g higher degrees o f d i f f e r f ' 
e n t i a t i o n f o r these rocks. P a r t i c u l a r l y , the gabbroic sample 
74B (pseudodiorite) i s , though poor i n SiO^, also poor i n l\)i, 
Cr and flgO. This rock i s possibly of cumulate o r i g i n , 
r e presenting an aggregate of minerals ( o l i v i n e , pyroxene and 
pl a g i o c l a s e ) t h a t p r e c i p i t a t e d from a f a i r l y evolved basalt. 
The minor i n t r u s i o n s , g e n e r a l l y , are probably s l i g h t l y 
l a t e r than the volcanics and could represent magmas produced 
i n t h e waning stages of a thermal event. Thus they would tend 
to be derived by lower degrees of p a r t i a l melting. 
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CHAPTER 6 
ROSSLAND UQLCAMIC GROUP; . 
nETAHORPHIC PETROGRAPHY AND MINERALOGY 
6;1 General t e x t u r a l features 
I t has been f r e q u e n t l y commented upon e a r l i e r that the uolcanics 
have been v a r i a b l y a l t e r e d , both i n terms of tex t u r e and mineralogy. 
Thus, before discussing d e t a i l s of mineral occurrence and chemistry, 
some breakdown of the area i s d e s i r a b l e . Most conspicuous i s the 
d i s t r i b u t i o n of b i o t i t e and secondary amphibole (Figs. 6,1, 6.6), 
there apparently being a zone north of Salmo and Eerie Lake where 
these tujo minerals are exten s i v e l y dev/eloped. In cont r a s t , i n the 
Wt.Kelly region, f u r t h e r south, these two phases do not occur. In a 
l o c a l i s e d area south of F r u i t u a l e and east of the Columbia River, 
amphibole and b i o t i t e reappear, most probably being r e l a t e d to contact 
metamorphism by the C o r y e l l b a t h o l i t h . Amphibole and b i o t i t e are also 
developed west of the area shown i n Fig,6.1 i n the Rossland volcanics 
mapped by Fyles ( i n prepn.). As i s evident, there i s a broad 
c o r r e l a t i o n between the occurrence of amphibole and b i o t i t e and the 
p r o x i m i t y , or abundance, of i n t r u s i v e rocks. Causes of metamorphism, 
however, are discussed i n Chapter 7, Hereafter, the region around Mt. 
Ke l l y (amphibole + b i o t i t e absent) i s termed zone A, and the area to 
the n orth of a l i n e west from Salmo (amphibole + b i o t i t e present) termed 
zone B. 
Within zone A , a l t e r a t i o n has proceeded e s s e n t i a l l y s t a t i c a l l y : 
t h a t i s , secondary minerals have overprinted primary igneous textures 
w i t h o u t s u b s t a n t i a l l y a l t e r i n g them. This i s evidenced by, 
f o r example. Plates 17, 23 and 45, presented i n Chapter 4, 
n i n e r a l o g i c a l a l t e r a t i o n i n zone A i s , i n a d d i t i o n , only p a r t i a l ; 
179 
metamorphic phases i n c l u d i n g c h l o r i t e , c a l c i t e , epidote, a l b i t e , 
prehnite. and s e r i c i t e . 
In zone B, r a t h e r more t e x t u r a l v a r i a t i o n i s present and zone B 
i s f u r t h e r divided as i s shown i n Fig. 6.1. This subd i v i s i o n i s 
p a r t l y based on sampling but, as w i l l be seen, t e x t u r a l and 
m i n e r a l o g i c a l d i f f e r e n c e s are apparent. 
Zone B l . In t h i s area the volcanics are c h a r a c t e r i s t i c a l l y 
schistose and are l o c a l l y thoroughly r e c r y s t a l l i z e d . This i s 
shown i n Plates 46 and 47^ i t i s clear t h a t • metamorphic textures 
have s u b s t a n t i a l l y replaced igneous. R e l i c t clinopyroxene 
phenocrysts are s t i l l evident as hornblendic aggregates, though 
these are sometimes drawn out and generally show no euhedral c o n t r o l 
by pyroxene. The schistose f a b r i c i n zone Bl metavolcanics i s due 
to the alignment of c h l o r i t e or b i o t i t e f lakes and hornblende prisms. 
Rocks of the Bennington Complex, though metamorphosed to 
s i m i l a r degrees as the metavolcanics,arP not schistose, however -
(e.g. Plates 35 ^ 36 ) , This could be due to a metamorphic 
i m p r i n t i n t h i s area a f t e r the development of s c h i s t o s i t y i n the 
v o l c a n i c s , which implies that recks of the Bonnington complex were 
emplaced a f t e r the uolcanics. A l t e r n a t i v e l y , ' the metavolcanics 
were previously bedded and e a s i l y developed an aligned metamoprhic 
f a b r i c , whereas the coarse-grained Bonnington Complex rocks 
underwent e s s e n t i a l l y s t a t i c metamorphism. 
Zone 82. Rocks i n t h i s area, w h i l s t c a r r y i n g s i m i l a r mineral 
assemblages (Chapter 7) to B l , are t e x t u r a l l y very d i f f e r e n t . 
Primary magmatic textures are generally much better preserved, 
though clinopyroxene and plagiocalse phenocrysts are t o t a l l y 
replaced by amphibole ( a c t i n o l i t e or hornblende) and a l b i t e , 
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Plate 46 
Photomicrograph: Schistose metabasalt from sub-zone B l , 
Contains .aligned b i o t i t e s and hornblendes with granular 
plagioclase and minor epidote. Note she-r plane cross-
c u t t i n g the s c h i s t o s i t y (Sample 4029A. XP. F i e l d width = 8 mm.). 
Plate 47 
Photomicrograph: Schistose metabasalt from sub-zone El. 
Contains aligned c h l o r i t e and hornblende, and plagioclase 
( s e r i c i t i s e d i n p a r t ) . Large hornblende ( c e n t t e ) i s 
robably a r e l i c t pseudomorph a f t e r clinopyroxene. (Sample 
4029A. XP, F i e l d width = 4 mm,). 
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r e s p e c t i v e l y . Amphibole pseudomorphs , as shown i n Plate 48, 
show good c o n t r o l by pyroxene, though occasionally secondary 
f r i n g e s of amphibole grow beyond the o r i g i n a l phenocryst. 
However, these rocks have been q u i t e severely sheared and b r i t t l e 
s h a t t e r i n g has occurred, together w i t h the development of a crude 
s c h i s t o s i t y i n the groundmass. A noticeable r e s u l t of t h i s i s the 
development of pressure shadows around phenocrysts (Plates 48 , 49 ) , 
i n which secondary growths (r e t r o g r a d e , i n some cases) of a c t i n o l i t e , 
c h l o r i t e , b i o t i t e , a l b i t e and c a l c i t e have developed. 
The shearing episode responsible f o r these t e x t u r a l developments, 
c l e a r l y followed the i n i t i a l amphibolisation of the volcanics, as 
i s p a r t i c u l a r l y w e l l i l l u s t r a t e d by Plate 48 , Here, the amphibole 
pseudomorph has been s p l i t along a cleavage plane and then prised 
a p a r t . The two segments were o r i g i n a l l y i n o p t i c a l c o n t i n u i t y as 
•indicated by the p o l a r i z a t i o n colours. The r e s u l t i n g pressure 
shadow, i n t h i s example, has been f i l l e d by a s t r i n g y , c u r v i l i n e a r 
aggregate of c h l o r i t e , which presumably grew synkinematically, and a 
granular aggregate o f a l b i t e . I n a d d i t i o n , post-kinematic needles 
of amphibole grSw occasionally i n c h l o r i t i c pressure shadows,-
Within zone B2 g e n e r a l l y , several phases of metamorphic growth 
probably occurred. The l a t e s t phase was possibly the development 
of c a l c i t e , w ith b i o t i t e , c h l o r i t e or epidote i n veins t h a t cut the 
crude schistose f a b r i c (e.g. Plate 19 ) . The development of 
c h l o r i t e , b i o t i t e and c a l c i t e as breakdown products of amphibole 
(Plates 19 , 50 ) i s , i n a d d i t i o n , a l a t e retrograde mineralogical 
change i n v o l v i n g a d d i t i o n of H2O and CO^ * 
Zone B3. This area l i e s south of B2 and again mineralogical 
assemblages are s i m i l a r . But the degree of t e x t u r a l reorganization, 
due to shearing, i s less or absent. Furthermore, the abundance of 
c h l o r i t e has diminished as a r e s u l t of the lack of shearing; 
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Plate 48 
Photomicrograph: Sheared ankaramitic b a s a l t , Note 
the amphibole pseudomorph (top l e f t ) t h a t has been s p l i t by 
shearing, such t h a t a s l i v e r , previously i n o p t i c a l c o n t i n u i t y , 
has been prised away from the bulk of the c r y s t a l . The r e s u l t i n g 
pressure shadow i s f i l l e d w i t h c h l o r i t e , a l b i t e and acic u l a r 
a c t i n o l i t e . Also, note th<t the microphenocrysts of 
plagioclase have now been a l b i t i s e d , and descite the e f f e c t s 
of shearing and the development of a schistose groundmass, 
igneous textures are w e l l preserved. (Sample 5087E, XP, 
F i e l d width = 8 mm,). 
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Plate 49 
Photomicrograph: Ankaramitic basalt from sub-zone B2. 
Note the contr a s t i n phenocryst size between pyroxene 
( a c t i n o l i t e ) and plagioclase ( a l b i t e ) . Note also the 
s h a t t e r i n g of the amphibole and the development of t u r b i d , 
c h l o r i t i c pressure shadows (too r i c h t ) . Alignment i n the 
groundmass i s due to a c i c u l a r a c t i n o l i t e mainly (Sample 
5087B. XP. F i e l d width = 4 mm.). 
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Plate 50 
Photomicrograph: Ankaramitic basalt with pyroxenes 
pseudomorphed by a c t i n o l i t e , which i n tu r n has broken down, 
p a r t i a l l y , to c h l o r i t e + c a l c i t e . (Sample 5534A, XP, 
F i e l d width = 8 mm,). 
.3? 
Plate 51 
Photomicrograph: well-formed epidote i n a c a l c i t e 
plus b i o t i t B vein assemblage. Host rock i s an ankaramitic 
basalt (Sample 5516C, XP, F i e l d width = 4 mm.). 
c h l o r i t e apparently favouring areas of low s t r e s s , such as 
pressure shadows. Epidote, c a l c i t e and b i o t i t e occur, though, 
as late-stage f i l l i n g of veins ( c f . Plate 51 ) . 
Zone B4. This zone i s also charact e r i zed by a lack of t e x t u r a l 
d i s r u p t i o n , apart from t h a t due to new mineral growth. Like B3, 
grOundmass development of a c i c u l a r hornblende or f l a k y b i o t i t e 
i s random. 
Mineralogical d i f f e r e n c e s i n t h i s aone, as are emphasized 
i n the next Chapter, are apparent, i n t h a t contact metamorphism 
has l o c a l l y caused amphibolite f a c i e s to be represented. 
A few samples i n t h i s area contain r e l i c t clinopyroxene, 
though i n v a r i a b l y mantled by a c t i n o l i t e or hornblende (Plate 52 ) , 
Zone B5. In t h i s area, metamorphism has again proceeded s t a t i c a l l y 
and as a r e s u l t , r e l i c t pyroxene i s common i n the cores of the larger 
phenocrysts ( Plate 53 ) , Groundmass b i o t i t e , a c t i n o l i t e or 
hornblende also develop randomly. Sample 4003 (Plate 54 ) , i n 
p a r t i c u l a r , shows a ' v a r i o l i t i c ' development of groundmass 
hornblende. 
I n general, d i f f e r e n c e s between the above zones i n terms of 
mineral assemblage, and thus grade or other conditions of metamorphism, 
are discussed i n Chapter 7. The remainder of t h i s Chapter deals 
w i t h d e t a i l s of mineral occurrence and chemistry, and the 
m i n e r a l o g i c a l d i f f e r e n c e s between the various zones. 
Mineral data used i n t h i s Chapter are tabulated i n Appendix 3. 
The samples probed and t h e i r mineral assemblages are shown i n Table 6.1. 
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Plate 52 
Photomicrorraph: P a r t i a l l y amphibolised clinopyroxene 
i n B4 ankaramitic b a s a l t . Mote the o p t i c a l c o n t i n u i t y of 
the marginal amphibole ( a c t i n o l i t e ) . Opaque minerals 
included i n the pyroxene are Ti-poor magnetites (Sample 4013A, 
XP. F i e l d width = 4 mm.). 
Plate 53 
Photomicrograph: P a r t i a l l y amphibolised clinopyroxene 
i n B5 ba s a l t . Note the growth of an ampnibole f r i n g e beyond 
the margins o f i h e o r i g i n a l phenocryst. (Sample 4006A, XP. 
F i e l d width = 4 mm,). 
187 
Plate 54 
Photomicrograph: Shredded, a c i c u l a r a c t i n o l i t e i n the 
groundmass of a b a s a l t , showing a s l i g h t r a d i a l development 
i n patches, (Sample 4003. XP. F i e l d width = 2 mm.). 
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TABLE 6,1 
PROBED SAMPLES FROM ZONE B - MINERAL ASSEMBLAGES 
A_ EP BI CH FL MA Q c c s u Sub-Zone 
4029A P X P P (X) 81 
4029B P P P (X) P X Bl 
5074B P P P p P (X) (X) (X) Bl 
5074C P X P p P (X) (X) Bl 
5075B P p P p p X 81 
5077 P p X 81 
74B P X P X X X (X) 81 
4111 P X P P X 82 
5088 P p P p X X X 82 
5530A P p P P X (X) 82 
5536E P X p p X (X) 82 
5538B P X p X X 82 
4105A P • X p p p X 83 
5111B P p p p p X 83 
5516A P p p X p X 83 
5516B P p p X (X) 83 
4013A P p X X p X 84 
4061 P (X) • X X X 84 
5049 P p p X B4 
5116 P X X p 84 
4007 P X X p (X) (X) 85 
A - Amphibole; EP- Epidote; BI - B i o t i t e ; CH - C h l o r i t e ; 
FL - Feldspar; MA - Magnetite; Q - Quartz; CC - C a l c i t e ; 
SU - Sulphides. 
P Probe Analysis made 
X Mineral present, but not probed. ( x ) only trace present. 
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6:2 Calcic Amphibole 
f'lode of occurrence. Fig. 6,1 shows the d i s t r i b u t i o n of secondary 
amphibole where i t occurs as a pseudomorph a f t e r pyroxene. This 
d i s t r i b u t i o n also applies to i t s appearance as a groundmass phase. 
I t was noted above t h a t amphibole does not always t o t a l l y 
replace primary pyroxene. Where i t does not, mainly i n zones B4 
and B5, amphibole develpps as an o p t i c a l l y continuous overgrowth, 
both around the margin of the phenocryst and along f r a c t u r e s 
(Plates 52 , 53 ) , 
Complete replacement of pyroxene by amphibole r e s u l t s i n one 
amphibole per pyroxene, the c r y s t a l l o g r a p h i c axes of the two minerals 
being as near coincident as possible. 
I n some samples, i t appears that amphibole has replaced pyroxene 
i n two stages. At the i n t e r f a c e between the continuous amphibole 
rim and the r e l i c t pyroxene, a new stage of growth i s occasionally 
i n d i c a t e d by the development of i n d i v i d u a l blades or prisms of 
amphibole (Plate 55 ) , I f t h i s process goes to completion a 
t e x t u r e as shown i n Plate 56 i s developed, the regenerated or 
second phase of amphibole being o p t i c a l l y and compositionally 
i d e n t i c a l to the f i r s t . 
Generally, the amphiboles are coloured from near colourless, 
through pale-green v a r i e t i e s to s t r o n g l y pleochroic shades of blue-
green or brown-green. The colour change i s e s s e n t i a l l y due to the 
higher contents- of Fe (and Fe'^ '*') and T i i n the more coloured 
hornblendes, compared to the less coloured • a c t i n o l i t e s . Uery 
broadly, increased colour r e f l e c t a a higher grade of e q u i l i b r a t i o n 
( e,g,Binns, 1965), 
Along w i t h the change i n colour of the amphibole i s a 
corresponding change of h a b i t . I n samples containing a c t i n o l i t i c 
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Figure 6 o l 
D i s t r i b u t i o n of secondary amphibole i n the 
Rossland volcanicso The l o c a t i o n of zones A and 
B, and the sub-zones of B, are shown (see discussion 
i n t e x t - Section 6 : l ) o 
Also shown i s the d i s t r i b u t i o n of Mesozoic and 
Cenozoic p l u t o n i c rockso 
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Photomicrograph: I n t e r i o r of large clinopyr:xene 
e x h i b i t i n g a r e l i c t pyroxene core and an outer a c t i n o l i t i c 
margin. The i n t e r f a c e between these two shows the develop-
ment of d i s c r e t e a c t i n c l i t e c r y s t a l s not i n o p t i c a l c o n t i n u i t y 
w i t h the main overgrowth of amphibole (Sample 5088, XP, 
F i e l d width = 2 mm,). 
Plate 56 
Photomicrograph: Pyroxene-phyric metabasalt 
(zone Bl) showing amphibole pseudomorphs i n which regenerated 
amphibole c r y s t a l s have grown ( c f , Plate 55 and discussion i n 
t e x t ) , (Sample 50748, XP, F i e l d width = 8 mm,). 
192 
h o r n b l e n d e or a c t i h o l i t e (zones B2, B3 and B5 p a r t i c u l a r l y ) , the 
h a b i t i s u s u a l l y a c i c u l a r , e x c e p t where amphibole growth i s gov/erned 
by pseudomorphic o u t l i n e s . A c i c u l a r , or ragged L a c t i n o l i t e grows 
randomly i n zones B3 and B5, and as f r i n g e s on pseudomorphs; 
whereas i n B2, the crude s c h i s t o s e f a b r i c i s i n f a c t due t o a l i g n e d , 
n e e d l e - l i k e a c t i n o l i t e . Hornblendes i n samples from zomes B l and 
B4, i n c o n t r a s t , grow as s t u b b y , p r i s m a t i c c r y s t a l s ( P l a t e s 57 , 
58 ) . The more t h o r o u g h r e c r y s t a l l i z a t i o n of these hornblende-
( r a t h e r t h an a c t i n o l i t e ) -bearing r o c k s , i n a d d i t i o n , causes a l o s s of 
d e f i n i t i o n of the o r i g i n a l p h e n o c r y s t s , and aggregates of ampihibole 
can d e v e l o p where o n l y one c r y s t a l p r e u i o u s l y e x i s t e d as a replacement 
o f pyroxene. 
Zoning i s a p p a r e n t i n some samples, t y p i c a l l y from Bl and B4, 
w i t h p a l e - g r e e n a c t i n o l i t e d e u e l o p i n g a margin of more c o l o u r e d 
h o r n b l e n d e . Patchy g r o w t h of hornblende w i t h i n a c t i n o l i t e i s a l s o 
e v i d e n t ( P l a t e 59 ) . I n sample 4061 ( P l a t e 60 )a sharp c o m p o s i t i o n a l 
break i s ap p a r e n t between the two amphiboles, as they are separated 
by a Becke l i n e . I n o t h e r cases, zoning i s a p p a r e n t l y c o n t i n u o u s . 
Where i n t e r n a l patches of hornblende d e v e l o p , as i n 4061, they 
u s u a l l y grow around b i o t i t e which has developed i n f r a c t u r e s , p o s s i b l y 
as an e a r l i e r r e t r o g r a d e phase ( P l a t e 60 ) , I n 5075B, where two 
amphiboles occur w i t h i n the area of one t h i n - s e c t i o n , the more c o l o u r e d 
( f e - r i c h ) hornblende tends t o develop near or around m a g n e t i t e , as 
does tiiotite. These o b s e r v a t i o n s suggest t h a t l o c a l i s e d d i s e q u i l i b r i u m 
has o c c u r r e d , b r o u g h t about by l o c a l c h e m i c a l d i f f e r e n c e s . P o s s i b l y , 
r e a c t i o n s toward a new equilibrium»as a r e s u l t o f i n c r e a s e d 
t e m p e r a t u r e , were n o t completed. 
O b s e r v a t i o n s o f a p p a r e n t l y c o e x i s t i n g c a l c i c amphiboles, e i t h e r 
i n one c r y s t a l or w i t h i n one t h i n - s e c t i o n , have been r e p o r t e d by 
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P l a t e 57 
P h o t o m i c r o g r a p h : S c h i s t o s e t e x t u r e i n B l m e t a b a s a l t , 
Note, p a r t i c u l a r l y , the w e l l - f o r m e d p r i s m a t i c hornblende 
( c o n t r a s t w i t h P l a t e 5 4 ) , Other phases p r e s e n t are b i o t i t e , 
p l a g i o c l a s e and minor e p i d o t e , (Sample 4029B, ^PL, 
F i e l d w i d t h = 4 mm,). 
P l a t e 58 
Photomicrograph: Hornblende i n n o n - s c h i s t o s e 84 
b a s a l t , developed as s t u b b y , p r i s m a t i c c r y s t a l s . The 
l a r g e r h o r n b l e n d i c patches are p r o b a b l y r e l i c t pseudomorphs 
a f t e r pyroxene, (Sample 5049, XP, F i e l d w i d t h » 2 mm,). 
P l a t e 59 
Photomicrograph: Zoned amphibole ( a c t i n o l i t e t o 
h o r n b l e n d e ) i n d o l e r i t i c sample. Hornblende u s u a l l y 
r i m s a c t i n o l i t e , b u t a l s o occurs as patches w i t h i n the 
c r y s t a l (Sample 74B. PPL, F i e l d w i d t h = 4 mm.). 
P l a t e 60 
Photomicrograph: C o e x i s t i n g a c t i n o l i t e and hornblende. 
Note iiow i n t e r n a l development of hornblende ( d a r k e r green) i s 
c o n t r o l l e d by f r a c t u r e s i n which b i o t i t e has grown. Hornblende 
a l s o forms a t h i n r i m t o the a c t i n o l i t e where i t i s j u x t a p o s e d 
w i t h the groundmass. (Sample 4061. XP. F i e l d w i d t h = 2 mm,). 
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u a r i o u s a u t h o r s , f o r example Graham (1973), Cooper & Lowering (1970), 
Grapes (1975) and Hietanen (1974), T h i s has l e d t o a debate as t o 
whether such r e l a t i o n s i n d i c a t e t h e presence o f a m i s c i b i l i t y gap, or 
j u s t d i s e q u i l i b r i u m . Whether the a c t u a l compositions p r e s e n t are 
gouerned by a m i s c i b i l i t y gap i s hard t o assess on o p t i c a l euidence 
a l o n e ; however, t h e c o n t i n u o u s z o n a t i o n obserued i n a few samples 
( e . g . P l a t e 59 ) suggests ' i t i s n o t , and where sharp d i s c o n t i n u i t i e s 
a r e o b s e r v e d , t h a t they are a r e s u l t of d i s e q u i l i b r i u m . T h is t o p i c 
i s r e t u r n e d t o below, when c o m p o s i t i o n a l evidence i s d i s c u s s e d . 
C l a s s i f i c a t i o n and c h e m i c a l v a r i a t i o n . I n s p e c t i o n of Fig,6.2 shows 
t h a t a c o n s i d e r a b l e range of amphibole c o m p o s i t i o n s are p r e s e n t i n 
t h e Rossland v o l c a n i c s . They range from a c t i n o l i t e s (Al"""^ l e s s 
t h a n 0.5 c a t i o n s / u n i t f o r m u l a ; Grapes, 1975), t h r o u g h a c t i n o l i t i c 
h o r n b l e n d e s (AI'''^ o f 0,5 t o 0,8) t o hornblendes (Al"""" g r e a t e r than 
0 ,8 ) , As F i g s . 6.2 A, B and C show, the c o m p o s i t i o n a l t r e n d i s f r o m 
t r e m o l i t e towards p a r g a s i t e ( h a s t i n g s i t e ) . 
The analyses i n Appendix 3 are c a l c u l a t e d assuming a l l Fe i s 
FeO and Fig.6.2 i s p l o t t e d on t h i s b a s i s . However, as was observed 
i n d i s c u s s i n g t h e p r i m a r y amphiboles, Fe"^ "*" can be a s i g n i f i c a n t 
c o n t r i b u t o r t o t o t a l Fe, I n g e n e r a l , Fe"^ "*" i n c r e a s e s w i t h t o t a l Fe 
and, as i m p l i e d by F i g . 6,2C, i s h i g h e r i n the hornblendes (Grapes 
e t a l . , 1977). The e f f e c t of ^620^ i n abundances comparable t o 
t h e d a t a o f Grapes e t a l . ( o p . c i t ) i s shown l a t e r , i n r e g a r d t o 
e s t i m a t i n g I\la,('ri4), 
The v a r i a t i o n observed i s p r e d o m i n a n t l y due t o the two 
c o u p l e d s u b s t i t u t i o n s : 
Na A l ^ ^ S i ( E d e n i t e ) 
A l ' ^ ^ A l ^ " (Fig, Fe) S i ( T s c h e r m a k i t e ) 
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F i g u r e 6.2 
C l a s s i f i c a t i o n diagrams f o r the metamorphic 
amphiboleso 
A Al^"*" v e r s u s S i (OQ b a s i s o f 23 oxygens) 
B l\la + K v e r s u s Al"""" 
C Mg versus A l " ^ 
Ts T s c h e r m a k i t i c FTs F e r r o t s c h e r m a k i t i c 
Pa P a r g a s i t e FH F e r r o h a s t i n g s i t e 
Ed E d e n i t e FEd F e r r o e d e n i t e 
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I n a d d i t i o n t o Fe"^ "^ , s m a l l amounts of T i e n t e r the Y s i t e s . I n 
t h e a c t i n o l i t e s ( A l " ^ " < 0,5) T i i s t y p i c a l l y l e s s than 0.01, 
whereas i n t h e hornblendes (Al'''" > 0,8) T i v a r i e s from 0,02 
t o 0,15. A l t h o u g h i t i s n o t shown g r a p h i c a l l y , Ca decreases w i t h 
i n c r e a s e i n A l , i n d i c a t i n g i n c o r p o r a t i o n of Fe and/or l\la i n t o the 
M4 s i t e , b o t h of which i n c r e a s e w i t h A l . 
The tendency f o r Fe^ "*" t o i n c r e a s e w i t h A l , as i m p l i e d by 
F i g , 5,2C, i s a c r y s t a l - c h e m i c a l e f f e c t : s i n c e Fe and Mg d i f f e r 
i n i o n i c r a d i u s j t h e y d i s t r i b u t e n o n - i d e a l l y between the s i t e s N l , 
M2 and M3. Al"""",which i s c l o s e r i n s i z e t o f'lg, p r e f e r e n t i a l l y 
e n t e r s t h e m and m s i t e s , r a t h e r than m where Fe^ "*" i s 
c o n c e n t r a t e d ( C h o u d h u r i , 1974), 
E f f e c t s o f whole-rock c h e m i s t r y , t e m p e r a t u r e and pressure 
The e f f e c t of whole-rock c h e m i s t r y on amphibole c o m p o s i t i o n 
i s s t r o n g , as shown by v a r i o u s a u t h o r s (Leake, 1965; Graham, 1973; 
Grapes e t a l , , 1977; Plisch & R i c e , 1975). Thus, a l t h o u g h i n c r e a s i n g 
grade o f metamorphism i n v o l v e s an o v e r a l l change from a c t i n o l i t e t o 
h o r n b l e n d e ( c f . L i o u e t a l . , 1 9 74), t h e c o m p o s i t i o n o f an i s o l a t e d 
amphibole i s n o t a good i n d i c a t o r of t e m p e r a t u r e . Graham ( 1 9 7 4 ) , 
i n p a r t i c u l a r , observes t h a t i n s u i t a b l e rock c o m p o s i t i o n s , h o r n b l e n d i c 
amphibole appears • b e f o r e t h e a m p h i b o l i t e f a c i e s i n ' t h e D a l r a d i a n . 
S i m i l a r l y , n i s c h & Rice (1975) show t h a t i n the upper a m p h i b o l i t e 
f a c i e s g neisses of Washington S t a t e , a complete range of amphiboles 
e x i s t , v a r y i n g f r o m t r e m o l i t e t o hornblende. 
I n the Rossland a r e a , a s t r o n g whole-rock c o n t r o l i s e v i d e n t , 
as shown i n F i g . 6.3. At a g i v e n t e m p e r a t u r e , a c t i n o l i t i c hornblende 
or a c t i n o l i t e w i l l occur i n an [>lg-rich, Al-poor bulk c o m p o s i t i o n , 
whereas hornblende i s more l i k e l y t o s t a b i l i z e where the o p p o s i t e i s 
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F i g u r e 6.3 
Whole-rock (UR) v e r s u s amphibole Mg-number 
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t r u e . For example, w i t h i n zone B l , c l i n o p y r o x e n i t e (samples 
5075B, 5077) develops t r e m o l i t i c amphibole as an a l t e r a t i o n p r o d u c t ^ 
whereas the i m m e d i a t e l y a d j a c e n t m e t a v o l c a n i c s ( e . g . samples 5074B, 
5074C), h i g h i n Fe/Mg and f^^2^2i* ^^^^^ ^ ° c o r r e s p o n d i n g l y h i g h A l , 
h i g h Fe ho r n b l e n d e s . I n view of t h e c o r r e l a t i o n s between the 
e l e m e n t s , Hg-Al"^, S i - A l " ^ and (Na + K) - A l ^ ^ ( F i g s . 6.2A, B, C), 
i t i s e v i d e n t t h a t amphibole c o m p o s i t i o n g e n e r a l l y i s dependent upon 
w h o l e - r o c k c h e m i s t r y , and n o t n e c e s s a r i l y t e m p e r a t u r e . 
S y s t e m a t i c changes of amphibole c o m p o s i t i o n , t h a t are 
ap p a E e n t l y dependent upon grade and not b u l k c o m p o s i t i o n , are 
documented by Graham (1973, 1974), f o r the D a l r a d i a n m e t a b a s i t e s . 
Graham ( o p . c i t ) s h o w s t h a t t he ch e m i c a l t r e n d between the v a r i o u s 
amphiboles developed, s h i f t s f r o m one t r e n d i n g from t r e m o l i t e 
t o wards e d e n i t i c p a r g a s i t e a t t h e c h l o r i t e zone, t o one t r e n d i n g 
t owards a hornblende r i c h e r i n t h e t s c h e r m a k i t e molecule a t the 
g a r n e t zone ( F i g . 6,4), I t i s a l s o apparent i n F i g , 6,4 t h a t 
h o r n b l e n d e s , r a t h e r than a c t i n o l i t e s , are s t a b i l i z e d i n ro c k s of 
s u c c e s s i v e l y h i g h e r Dg/Fe r a t i o s as grade i n c r e a s e s . I n Fig.6.4 
are p l o t t e d a l l t h e Rossland amphibole analyses and by comparison 
w i t h the m i n e r a l zones e s t a b l i s h e d by Graham (1974) f o r the D a l r a d i a n , 
i t i s e v i d e n t t h e best analogy f o r the Rossland data are the b i o t i t e 
or g a r n e t zones of the D a l r a d i a n . S i m i l a r l y , the Rossland amphiboles 
p l o t comparably w i t h g a r n e t i s o g r a d ( l o w e r a m p h i b o l i t e f a c i e s ) 
amphiboles f r o m Haast R i v e r (Cooper & L e v e r i n g , 1970) as p l o t t e d 
i n F i g . 3 of Harte & Graham ( 1 9 7 5 ) , I n g e n e r a l , a temperature of 
about 500°C i s i n d i c a t e d by comparison w i t h data g i v e n by W i n k l e r 
( 1 9 7 4 ) , n i s c h & Rice (1975) a l s o e s t i m a t e a g e n e r a l t e m p e r a t u r e 
of 500°C f o r e p i d o t e - a m p h i b o l i t e f a c i e s r o c k s c o n t a i n i n g two 
amphiboles (see b e l o w ) . However, as w i l l be seen i n Chapter 7, 
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F i g u r e 6.4 
P l o t o f Rossland metamorphic amphiboles i n t h e 
'A' FH diagram o f Harte & Graham ( 1 9 7 5 ) . 
P r o j e c t i o n i s f r o m e p i d o t e . A l s o shown a r e the 
t r e n d s o f t h e D a l r a d i a n amphiboles ( a f t e r Graham, 
1 9 7 3 ) : -
Dashes - C h l o r i t e zone 
Continuous l i n e - B i o t i t e zone 
Dots and dashes - Garnet zone. 
201 

temperature d i f f e r e n c e s do occur t h r o u g h o u t zone B and n o t a l l the 
amphiboles n e c e s s a r i l y e q u i l i b r a t e d a t a s i n g l e t e m p e r a t u r e ; the 
f i g u r e o f 500°C i s j u s t a g e n e r a l i s e d b u l k average f o r the 
t e m p e r a t u r e of metamorphism, as i n d i c a t e d by the amphibole c h e m i s t r y . 
On t h e b a s i s of amphibole c h e m i s t r y a l o n e , v a r i a t i o n s i n temperature 
between t h e v a r i o u s sub-zones w i t h i n zone B i s hard t o e v a l u a t e , due 
t o t h e masking e f f e c t of whole-rock c o m p o s i t i o n a l c o n t r o l . The 
s c h i s t o s e r o c k s of B l c o n t a i n t h e most p a r g a s i t i c amphiboles 
( e . g . samples 4029A, B) and t h u s these r o c k s were p r o b a b l y metamorphosed 
a t h i g h e r t e m p e r a t u r e s than those.to the s o u t h . Though, on the o t h e r 
Ai-
hand, these F e - r i c h hornblendes a l s o d e v e l o p ; i n Fe- a n d y r i c h whole-
r o c k s (compare F i g s . 6.2 and 6.3). Analyses HB07 (sample 4007) 
f r o m B5 are a c t i n o l i t i c but s t i l l q u i t e F e - r i c h , which suggests t h a t 
r e l a t i v e t o B l t h i s zone e q u i l i b r a t e d a t a lower t e m p e r a t u r e . This 
would be expected on t h e b a s i s of the broad p a t t e r n whereby lower-
grade r o c k s i n zone A become p r o g r e s s i v e l y h i g h e r grade northwards 
t h r o u g h zone B. 
Amphibole c h e m i s t r y i s a l s o c o n s i d e r e d t o be i n d i c a t i v e of 
p r e s s u r e . Notably t h e presence of glaucophane or c r o s s i t e i n h i g h 
p r e s s u r e analogues o f t h e g r e e n s c h i s t f a c i e s i s w e l l e s t a b l i s h e d 
( c f . T u r n e r , 1968). W i t h i n the g r e e n s c h i s t f a c i e s , where c a l c i c 
a mphiboles are p r e s e n t , I\la c o n t e n t or a l k a l i c o n t e n t show a 
c o r r e l a t i o n w i t h l o a d p r e s s u r e (Shido & n i y a s h i r o , 1959), 
Brown ( 1 9 7 7 ) , i n p a r t i c u l a r , notes t h i s f e a t u r e and shows t h a t the 
c r o s s i t e c o n t e n t of a c a l c i c amphibole i s b u f f e r e d by a r e a c t i o n : 
C r o s s i t e + E p i d o t e + H^O = Ca-amphibole + A l b i t e + C h l o r i t e 
+ I r o n o x i d e . 
At any T' and P, t h e c r o s s i t e component i s f i x e d as l o n g as the o t h e r 
phases i n t h e r e a c t i o n are p r e s e n t . With i n c r e a s e d l o a d pressure {P\ 
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t h e c r o s s i t e component ( e x p r e s s e d as Na(ri4)) i n c r e a s e s w i t h i n the 
Ca-amphibole. Using p u b l i s h e d a n a l y s e s . Brown ( o p , c i t ) has 
t e n t a t i v e l y c a l i b r a t e d an Al''"" - Na (m) p l o t f o r p r e s s u r e . 
A problem w i t h t h i s approach i s t o e v a l u a t e l\la(M4) which, 
as shown i n Chapter 4, i s c r i t i c a l l y dependent on c o r r e c t knowledge 
o f t h e t ^ o ^ t e n t . Table 6,2 shows s e v e r a l amphibole analyses 
f r o m t h e Rossland v o l c a n i c s t h a t c o e x i s t w i t h i r o n - o x i d e , w i t h 
Na(M4) c a l c u l a t e d on t h e b a s i s t h a t : -
( 1 ) Fe^O^ = 0.375 (FeO - 4,00) (Grapes e t a l . . 1 977)^ 
When a l l Fe i s expressed as FeO, Na(n4) i s i n v a r i a b l y n e g a t i v e . 
I n c r e a s i n g ^620^ l o w e r s the sum of elements i n the Y - s i t e s and 
thu s r e s t r i c t s t he amount of Fe assigned t o 1^ 4, There i s , 
t h e r e f o r e , a b r a c k e t i n g c o n d i t i o n f o r l^e^O^ such t h a t Fe(H4) and 
l\la(H4) a r e b o t h p o s i t i v e . I n Table 6.2,Na(n4) i s c a l c u l a t e d by: 
Na(n4) = 2.00 - Ca - Fe ( m ) , i f Fe (n4)> 0 o r ; 
( 1 ) l\la(M4) = 2.00 - Ca . 
G e n e r a l l y , i t i s a p p a r e n t t h a t I\la(n4) i s l e s s t h a n 0.15, which from 
Brown's (1977) Al"""" - Na(N4) p l o t i n d i c a t e s a pressure of e q u i l i b r i u m 
of no more than 3kb. 
Another i n d i c a t o r o f p r e s s u r e i s c o n s i d e r e d by Leake (1965) 
and Raase (1974) t o be the amount o f Al""^, T h i s , t o o , i s c o n t r o l l e d 
by t h e glaucophane s u b s t i t u t i o n , I\la(n4) Al"""" = Ca(ng, F e ) . I n 
F i g , 6.2A t h e s o l i d l i n e d e f i n e s t he maximum Al"""" f o r a l l c a l c i c 
a mphiboles (Leake, 1965), and t h e dashed l i n e r e p r e s e n t s the maximum 
Al"""" f o r amphiboles formed below 5kb (Raase, 1974), A g a i n , a l o w -
p r e s s u r e o r i g i n f o r the Rossland samples i s i n d i c a t e d . 
W i s c i b i l i t y i n t h e Ca-amphiboles. A c o n s i d e r a b l e debate has 
c o n t i n u e d i n r e c e n t y e a r s on the s u b j e c t of whether a m i s c i b i l i t y 
202 
TABLE 6.2 
Na(n4) ESTIMATES IN SELECTED AHPHIBOLES (SEE 
TEXT FOR DISCUSSION - p, 202 ) 
HB612 HB613 HB6E3 HBDAIA HBIBIA 
S i 7,456 6,398 6,354 7,655 7,911 
A l ^ " 0,544 1,602 1.646 0,345 0.089 
A l " ^ 0,204 0,674 0.751 0,179 0.042 
Fe 0.303 0,514 0,476 0.420 0.260 
Fe 1,072 1.500 1,424 1.307 0.988 
Fin 0,034 0,044 0,043 0.038 0.022 
Fig 3,443 2.332 2,274 2,945 3,632 
T i 0.005 0.039 0,042 0.007 0.000 
Ca 1.906 1.833 1,878 1.920 1.921 
Na 0.078 0,438 0,488 0,090 0.061 
K 0,018 0,036 0,075 0.022 0.007 
Fe (F14) 0.063 0.102 0,010 - -
Na (F14) 0,031 0.066 0,111 0.080 0.078 
Fe i s e s t i m a t e d by the e q u a t i o n (Fig,3,Grap es e t a l . . 1977): 
Wt.^ Ve^O^ = 0,375 ( w t . ^ FeO* - 4.0) 
FeO* i s t o t a l i r o n . 
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gap l i e s between a c t i n o l i t e and hornblende. Shido (1958), Klein 
(1969), Cooper & Lowering (1970) and Nisch & Rice (1975) have argued 
i n favour of a m i s c i b i l i t y gap on the basis of observations of 
c o e x i s t i n g amphiboles, w i t h i n one t h i n - s e c t i o n or one mineral 
g r a i n , t h a t are separated by a compositional gap. Such a gap 
appears to be operative, by the accounts of the. above authors, i n t o 
the lower amphibolite f a c i e s , Hietanen (1974) suggests the gap 
occurs up to around 600°C. nisch & Rice (1975), i n a comprehensive 
survey of epidote-amphibolite and upper amphibolite facies amphiboles, 
show t h a t at about 500°C a gap i n Al content (per formula u n i t ) occurs 
between 0,5 and 1.5, At 600°C a complete range of Al contents are 
found, nisch & Rice (1975) a t t r i b u t e t h i s to the closure of a 
solvus somewhere i n the region 500-600°C, However, i n t h e i r samples 
Misch & Rice ( o p . c i t ) found no c o e x i s t i n g amphiboles and thus the 
compositional gap they defined i s the maximum i t could be, whereas 
i n r e a l i t y i t may be considerably narrower. 
Compositional gaps defined by c o e x i s t i n g amphiboles w i t h i n one 
c r y s t a l , are reported by Grapes (1975) and Graham (1974); but these 
authors regard them as a r e s u l t of d i s e q u i l i b r i u m . The compositional 
data, these authors observed,were chemically in c o n s i s t e n t w i t h a f i x e d 
solvus, and i n f a c t i n d i u i d u a l analyses can p l o t w i t h i n the apparent 
gap, Leake (1962, 1965) also shows th a t although a frequency 
minimum, i n terms of the number of analyses, occurs at Si contents 
(per u n i t formula) of about 7.2, there i s a c o n t i n u i t y of composition, 
Graham (1974) i n t e r p r e t s a s i m i l a r frequency minimum as a r e s u l t of a 
r a p i d change i m amphibole composition brought about, at the upper 
greenschist f a c i e s , by the disappearance of phases such as a l b i t e , 
c h l o r i t e and epidote, according t o reactions such as: 
20/. 
A c t i n o l i t e + A l b i t e = Edenite + Quartz + H^O 
C h l o r i t e + Epidote + A c t i n o l i t e + Quartz = Tschermakite + H^ O 
C h l o r i t e + Epidote + Quartz = Tschermakite + Anorthite + H^ O 
Experimental evidence on the greenschist to amphibolite t r a n s i t i o n 
( L i o u e t _ a l , , 1974) also i n d i c a t e s a sharp change i n amphibole 
chemistry as a r e s u l t of such concurrent reac t i o n s . The sluggish 
nature of these r e a c t i o n s , however, w h i l s t releasing p o t e n t i a l edenite 
and tschermakite, r e s u l t s i n a frequent incompletion of the t r a n s i t i o n 
and thus produces the observed d i s e q u i l i b r i u m f e a t u r e s . 
The data presented here tend to confirm t h i s l a t t e r view. 
The mineral assemblages w i t h i n zone B are generally greenschist to 
lower amphibolite f a c i e s (Chapter 7) and a temperature of 500°C was 
quoted above. Unlike the data of Wisch & Rice (1975), however, a 
complete range of Al contents are observed ( c f . Figs.6.2a, 6.4), A 
compositional gap of the width proposed by Nisch & Rice (1975) or 
Cooper & Levering (1970) i s not apparent. Furthermore, the generally 
low pressure of the Rossland metamorphism (see Chapter 7 and above), 
which would tend to increase the soluus width (Choudhuri, 1974; 
Grapes, 1975), strengthens the suggestion t h a t the observed com-
p o s i t i o n a l gaps are not true s o l v i .. 
A recent paper supporting the concept of a m i s c i b i l i t y gap 
( T a g i r i , 1977), seeks t o determine a solvus more precisely i n 
terms of composition and temperature. T a g i r i ( o p . e i t ) proposes 
t h a t toward the Mg-rich end of the ampbibole spectrum, the solvus 
width narrows and i t s closure temperature i s lower. Thus, i t 
could be t h a t the appearance of a gap i n some s i t u a t i o n s , w h i l s t 
not i n others, i s compositionally dependent. Fig.5.5 shows the 
proposed gap of T a g i r i ( o p . c i t ) , w i t h some c o e x i s t i n g pairs from 
the Rossland volcanics p l o t t e d f o r oomparison. I t i s clear there 
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Figure 6.5 
Al-Fe-Mg diagram showing the proposed 
m i s c i b i l i t y gap i n the c a l c i c amphiboles of 
T a g i r i (1977). Also p l o t t e d are c o e x i s t i n g 






i s no simple agreement. P a r t i c u l a r l y , the analyses HB49 (sample 
5049) p l o t i n a l i n e across t h i s gap and represent good evidence 
f o r d i s e q u i l i b r i u m w i t h i n one t h i n - s e c t i o n . 
I n F i g . 6,4 a small compositional gap i s apparent i n the 
area crossed by several t i e - l i n e s . However, t h i s gap i s one 
e s s e n t i a l l y i n terms of Fe/Mg r a t i o n whereas the compositional gaps 
proposed by flisch & Rice (1975) and T a g i r i (1977) are s p e c i f i c a l l y 
i n terms of A l , r a t h e r than rig-number ( c f . F i g . 6.5). 
6;3 B i o t i t e 
node of occurrence. F i g . 6,6 shows t h a t , l i k e amphibole, b i o t i t e 
i s v i r t u a l l y r e s t r i c t e d to zone B. Though, un l i k e amphibole, i t 
i s not present i n v a r i a b l y . I t tends to show a n t i p a t h e t i c r e l a t i o n s 
w i t h c h l o r i t e and, i n a d d i t i o n , i t i s l i k e l y to; be c o n t r o l l e d by Y.^ 
contents of the whole-rock. 
In colour, b i o t i t e varies from green or green-brown to straw 
or brown v a r i e t i e s . This i s a f u n c t i o n of composition; Fe-rich 
v a r i e t i e s (and T i - r i c h v a r i e t i e s ) tend towards brown, w h i l s t Mg-
r i c h b i o t i e s are greener, 
B i o t i t e most commonly forms fi n e - g r a i n e d aggregates, developed 
p a t c h i l y or extensively i n the groundmass of some samples. I t i s 
s i m i l a r l y developed as a breakdown (retrograde) product of amphibole 
(Plate 20 ) , In some samples (e.g. 5530A), b i o t i t e has almost 
t o t a l l y replaced amphibole pseudomorphs. 
I n the schistose rocks of B l , b i o t i t e i s generally coarser, 
forming i n d i v i d u a l c r y s t a l s of up to 0.5 mm. i n length. Coarse, 
but randomly i n t e r l o c k i n g b i o t i t e also occurs i n the pyroxenites 
and 'pseudodiorite' (Plates 59 , 61 ) , p a t c h i l y r e p l a c i n g , or 
associated w i t h , amphibole. 
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FiQure 6,6 
D i s t r i b u t i o n of secondary c h l o r i t e and b i o t i t e 
i n the Rossland v o l c a n i c s . Zones A and B as defined 
i n Figo 60I0 
Also shown i s the d i s t r i b u t i o n of Plesozoic and 
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Photomicrograph: Large magnetite grain i n a pyroxenite. 
The margin of the magnetite i s formed by a t h i n rim of 
granular sphene, Eeyond t h i s , and separating the magnerite 
from the f i n e t r e m o l i t i c m a t r i x , i s a r e l a t i v e l y coarse growth 
of b i o t i t e and c h l o r i t e , A large a p a t i t e c r y s t a l i s also i n 
evidence adjacent to the magnetite. At t h i s -'nterface no 
sphene has developed, (Sample 5075B. PPL. F i e l d width 
= 2 mm.). 
209 
The occurrence of b i o t i t e i n l o c a l i s e d patches or aggregates, 
as w e l l as i n veins (Plate 51 ) .suggests i t s development i s p a r t l y 
metasomatic due to the presence of K20-rich f l u i d s . As was 
i n d i c a t e d i n Chapter 5, K i s c l e a r l y mobile i n a l l (zone A and B) 
volcanic rocks, though i t i s thought no s i g n i f i c a n t net gain or 
loss occurred. 
Chemistry. B i o t i t e v a r i a t i o n can be considered i n terms of the 
four end-members. 
Phlogopite (Wgg) (SigAl^) 020^°"^ 
Eastonite (Mg^Al) (Si^l\l^) 020^0H)^ 
Annite (Fe^) (SigAl2) 020^°"^ 
S i d e r o p h y l l i t e ( F e ^ A l ) ( S i ^ A l ^ ) 0^^{0H)^ 
Fig.6,7, a f t e r Deer et a l . (1962), shows the Rossland b i o t i t e s 
p l o t t e d i n terms of these components. The c l a s s i f i c a t i o n shown 
i n F i g , 6,7 shows t h a t some of the fflg-rich ' b i o t i t e s ' could be 
termed •phlogopites', 
Within Fig,6,7, the analyses p l o t i n a d i s t i n c t l i n e below, 
but p a r a l l e l t o , the p h l o g o p i t e - s i d e r o p h y l l i t e j o i n . The reason 
why the analyses p l o t below t h i s l i n e i s i n part due to the Y-site 
occupancies of less than 6.00. This i s a common feature of b i o t i t e s 
as noted by Deer et a l . (1962), and i n d i c a t e s a small di-octahedral 
component. Another reason why the analyses p l o t below the 
t h e o r e t i c a l l i n e ( F i g . 6.7) i s due to the excess of Al^""" over t h a t 
demanded by the s u b s t i t u t i o n ; 
(Fe, m) S i ^ A l ^ ^ A l ^ " 
Also apparent from Fig. 6,7 i s t h a t the s u b s t i t u t i o n , Fe^"^^ Hg, 
i s coupled to the r e a c t i o n above. This i s analag«ous to the s i t u a t i o n 
w i t h i n the amphiboles and i s probably r e l a t e d to an i o n i c - r a d i u s c o n t r o l , 
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Figure 6,7 
B i o t i t e c l a s s i f i c a t i o n diagram (see t e x t ) 
Figure 608 
Uhole-rock versus b i o t i t e Mg-number 
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other components i n the b i o t i t e s are minor. Ti (up to 
0.19 c a t i o n s / u n i t formula) and m (up to 0.038) s u b s t i t u t e i n 
the Y - s i t e s , w h i l s t Ca (up to 0,037) enters the K s i t e , TiO^ 
content i s considered by Binns (1969) and Lambert (1959) to 
increase w i t h grade. Binns ( o p . c i t ) quotes a value of 0.3 c a t i o n s / 
u n i t formula f o r the greenschist f a c i e s , but the low whole-rock 
Ti02 content of the Rossland volcanics most probably i n h i b i t s a 
value such as t h i s from being obtained. 
I t can be seen i n Fig , 6,8 t h a t P1g/Fe r a t i o of the b i o t i t e s 
i s a strong f u n c t i o n of whole-rock Mg/Fe r a t i o . Therefore, i n 
view of the chemical coherence i l l u s t r a t e d by Fig. 6.7, i t i s 
evident t h a t b i o t i t e composition as a whole i s l a r g e l y dependent 
uponits chemical environment, a f a c t also noted by Cooper (1972) 
and Graham (1973). However, i n Fig. 6.8 there i s a tendency 
f o r those analyses which p l o t f u r t h e s t to the l e f t of the 1:1 
l i n e ( i . e . a t lower whole-rock Mg-numbers) to derive from zone 82. 
B i o t i t e i n t h i s area ( c f . Plate 19 ) i s possibly retrograde, and 
i n view of the higher temperature s t a b i l i t y of Pig-rich b i o t i t e s 
(pp,123-125, Turner, 1968) compared to Fe-rich b i o t i t e s , a lower 
temperature i s possibly i n d i c a t e d f o r 82. B i o t i t e from the Bl 
schistose metavolcanics, though, i s c l e a r l y prograde and p l o t s at 
s l i g h t l y higher Hg-numbers f o r a given whole-rock Pig-number. 
6 ;4 C h l o r i t e 
Flode of occurrence. C h l o r i t e , as i s shown i n Fig. 6.6, i s 
d i s t r i b u t e d throughout both zones A and B, though i t i s generally 
more abundant i n zone A, excepting possibly subzone 82. C h l o r i t e 
abundance i s generally recognised to decrease with increased 
grade through the greenschist f a c i e s (Cooper, 1972; Graham, 1973; 
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Plate 62 
Photomicrograph: Basalt from zone A with somewhat 
rounded pyroxene phenocrysts set i n a dark, t u r b i d and 
fin e - g r a i n e d groundmass. Lobate gas c a v i t y i s f i l l e d 
by a f l a k y c h l o r i t i c aggregate that i s zoned outwards 
from a pale to a strong,green coloured v a r i e t y (Sample 
5036. PPL, F i e l d width = 4 mm,). 
Plate 63 
Photomicrograph: Cavity i n zone A basalt f i l l e d w i t h 
c h l o r i t e and a zoned, r a d i a t i n g aggregate of f i n e epidote. 
Spinel phenocryst i s also i n evidence (Sample 5054. 
PPL. F i e l d width = 2 mm,). 
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Winkler, 1974). 
In zone A, c h l o r i t e i s a common a l t e r a t i o n product of 
mafic phases such as pyroxene and o l i v i n e (where present), as 
i s shown by Plates 17 and 18 , I t also develops commonly 
i n gas v e s i c l e s . These are e i t h e r round or form lobate amygdales 
( P l a t e 62 ) . Amygdaloidal c h l o r i t e i s often zoned, with more 
coloured ( F e - r i c h ) green c h l o r i t e rimming the c a v i t y and cored by 
less coloured, pale-green (Mg-rich) c h l o r i t e . Such c h l o r i t i c 
patches are usually very f i n e - g r a i n e d , the i n d i v i d u a l c r y s t a l s 
o ccasionally being too small to see. In other cases, c h l o r i t e 
forms aggregates of r a d i a l sheaves(Plate 62 ) . 
Within zone B, c h l o r i t e also v a r i e s , i n d i f f e r e n t rocks, 
form v i r t u a l l y colourless to pale-green or green and shows a 
v a r i e t y of anomalous bi r e f r i n g e n c e colours. Less coloured (Mg-
r i c h ) c h l o r i t e s show greyish or brownish i n t e r f e r e n c e colours, 
whereas the greener ( F e - r i c h ) c h l o r i t e s e x h i b i t dark-blue colours. 
In sub-zone B2, where c h l o r i t e i s es p e c i a l l y abundant, i t 
most c h a r a c t e r i s t i c a l l y develops i n pressure shadows and f r i n g i n g 
amphibole pseudomorphs. I n these pressure shadows, and w i t h i n 
the groundmass, c h l o r i t e appears as c u r v i l i n e a r , s t r i n g y aggregates 
which probably formed syn-kinematically (Plate 49 ) . Chl o r i t e 
also develops i n some B2 samples as a ret r o g r e s s i v e breakdown 
product of amphibole, usually associated with c a l c i t e , o r less 
commonly epidote. As was noted above, i n sub-zones B3, B4 and 
B5, c h l o r i t e i s less common due to the absence of shearing and 
when i t i s observed i t usually forms small,shapeless patches 
i n the groondmass. 
Sample 4029A (Plate -i? ) , from B l , i s conspicuous i n that 
c h l o r i t e i s w e l l developed and w i t h hornblende defines the rock's 
2U 
s c h i s t o s i t y . However, sample 4029B (Plate 57 th a t i s 
immediately adjacent i n the f i e l d to 4029A, has no c h l o r i t e , only 
b i o t i t e . I t seems as though c h l o r i t e i n 4029A i s retrograde a f t e r 
b i o t i t e , or v a r i a t i o n s i n H^ O have promoted a r e a c t i o n from b i o t i t e 
to c h l o r i t e . This i s also evidenced by the presence of c h l o r i t e 
i n veins, or shear zones, c r o s s - c u t t i n g the s c h i s t o s i t y i n Bl rocks; 
and i n the presence, i n sample 50758 (Plate 61 ) , of b i o t i t i c 
aggregates associated w i t h c h l o r i t e . In t h i s l a t t e r case, the two 
minerals are i n t e r l a y e r e d , the c h l o r i t e obviously replacing the 
b i o t i t e . In the samples 4029A and 4029B, the released K2O, 
r e s u l t i n g from the breakdown of b i o t i t e , i s apparently taken up i n 
increased s e r i c i t i z a t i o n of the plagioclase. 
Chemistry. F i g . 6.9 shows the c h l o r i t e s analysed from both zones 
A and B (Appendix 3) p l o t t e d i n a c l a s s i f i c a t i o n diagram based on 
the scheme of Hey (1954), Zone B c h l o r i t e s are, on average, 
s l i g h t l y more Pig-rich (which i s mainly a bulk-rock compositional 
e f f e c t ) and A l - r i c h compared to zone A. Zone A c h l o r i t e s p l o t as 
3' 
brungsvi^es or pycnochlorites and zone B c h l o r i t e s as Mg-rich 
r i p i d o l i t e s or pycnochlorites, by t h i s scheme. 
The main c o n t r o l l i n g s u b s t i t u t i o n r e a c t i o n i n the c h l o r i t e 
s e r i e s i s : -
(l^g, Fe) Si ^  Al""^ A l ^ " , 
and Fig,6,9 i s based on t h i s f a c t . That the c h l o r i t e s as a whole 
obey t h i s r e l a t i o n i s shown by Fig. 6.10, though two analyses p l o t 
somewhat below the ' a n t i g o r i t e ' - 'amesite' j o i n : One (CH882) i s 
anomalously high i n Ti02 and has a low Y-site occupancy, suggesting 
minor contamination, w h i l s t the other (CH441) has an excess of Al"'^. 
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Figure 6.9 
C h l o r i t e c l a s s i f i c a t i o n diagram ( a f t e r 
Hey, 1954); Si versus Pig and Mg-number. 
TC T a l c - c h l o r i t e 
Pn Penninite 
C Cli n o c h l o r e 
S Sheridanite 
Di D i a b a n t i t e 
P Py c n o c h l o r i t e 
B Brungsvigite 
R R i p i d o l i t e 
D Daphnite 
Figure 6.10 
[•Ig + Fe versus Al diagram ( P l o t t e d symbols 

















Comparing Figs. 6.9 and 6.10 shows th a t s u b s t i t u t i o n of 
Fe f o r Mg i s not s t r o n g l y coupled to the above s u b s t i t u t i o n r e a c t i o n . 
I f anything, Mg tends to increase with A l . This i s the opposite to 
t h a t which occurs i n the amphiboles and biotites»suggesting i o n i c -
s i z e c o n t r o l s are less e f f e c t i v e i n the c h l o r i t e case. I t appears 
reasonable that the increased amesite ( A l ) content of zone B c h l o r i t e s 
( F i g . 6.10) i s due to the increased metamorphic grade, whereas the 
Fe-Mg d i f f e r e n c e s are a f u n c t i o n of bulk-rock compositions, as shown 
i n F i g . 6.11. Increase of Al-content w i t h grade i s also reported 
by Pinsent (1976) and Kuniyoshi and Liou (1975). 
Although Plg-chlorites are stable to higher temperatures than 
F e - c h l o r i t e s ( Turnock 1959, 1960; Fawcett & Yoder, 1966), the 
c h l o r i t e s analysed by Kuniyoshi A Liou (1976) show an increase of 
Fe/^Q w i t h grade. In the Haast River s c h i s t s , Mg/Fe i n c h l o r i t e 
increases with grade. This appears to emphasize the e f f e c t of 
whole-rock chemistry i n c o n t r o l l i n g c h l o r i t e Mg/Fe, an e f f e c t 
also noted by Graham (1973), 
6;5 Epidote 
node of occurrence. Epidote minerals occur throughout zones A and 
B, but are b e t t e r developed and generally more common i n zone B, 
though are not present i n a l l samples ( F i g . 6.12). 
Within zone A, epidotes are usually fine-grained, forming small 
aggregates of less than 0.1 mm. ( c f . Plate 45 ) , Apart from 
small aggregates such as these, which are developed e s s e n t i a l l y 
i n the groundmass, epidote i s also developed associated with c h l o r i t e 
i n gas-cavity f i l l i n g s . Here, epidote occurs as small granules, 
rimming the amygdale or as s m a l l , well-formed prisms* Another 
h a b i t of epidote i n t h i s s i t u a t i o n i s shown i n Plate 63 , where 
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Figure 6 0 I I 
C h l o r i t e versus whole-rock Ng-number 
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Figure 6ol2 
D i s t r i b u t i o n of epidote i n the Rossland uolcanics. 
Zones A and B are as defined i n Fig<,6olo 
Also shown i s the d i s t r i b u t i o n of Resozaic and 
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i t forms r a d i a t i n g aggregates. Plate 32 shoes epidote 
associated with c a l c i t e as uiell-formed l a t h s or prisms set i n a 
t u r b i d c h l o r i t i c pool. 
Fine s a u s s u r i t i c epidote i s also responsible, i n p a r t , f o r 
the cloudy, i n c l u s i o n - r i d d e n a l t e r a t i o n of plagioclase feldspar. 
I n d i v i d u a l c r y s t a l s , i n these cases, are too f i n e to i d e n t i f y 
d e f i n i t e l y , but the high r e l i e f of these small inclusions suggest 
an epidote mineral (although pumpellyite may be a contributing phase). 
Usually, epidotes i n Zone A are p i s t a c i t e r i c h , as judged 
from b i r e f r i n g e n c e colours. An exception (see below) i s the 
epidote shown i n Plate 32 (5001B) which i s c l i n o z o i s i t e - r i c h . 
Zone B epidotes occur most prominently as porphycoblastic or 
g r a n o b l a s t i c aggregates containing several well-formed c r y s t a l s 
( P l a t e 64 ) , and which occasionally represent pseudomorphs 
( c f . Plate 65 ) , Samples 5516A and B contain p a r t i c u l a r l y w e l l -
developed and abundant epidotes of t h i s nature, e i t h e r i n c a l c i t i c 
veins ( P l a t e 51 ) or growing w i t h i n the groundmass or amphibole 
pseudomorphs. The epidotes i n Plate 51 reach 2 mm. in_diameter. 
Less conspicuously, but more commonly, epidote i s smaller and 
more ragged or granular i n appearance, and forms dusty aggregates, 
occa s i o n a l l y a f t e r o l i v i n e ( P l ate 19 ) , 
In colour, g e n e r a l l y , epidote varies from r e l a t i v e l y colourless 
to d i s t i n c t l y p leochroic, yellow v a r i e t i e s . There i s a corresponding 
increase i n b i r e f r i n g e n c e from f i r s t or second order, or sometimes 
anomalous colours, to t h i r d and f o u r t h order colours. Within a 
s i n g l e g r a i n , b i r e f r i n g e n c e i s c h a r a c t e r i s t i c a l l y q u i t e variable and 
o f t e n a s l i g h t zonation i s apparent from hight-order cores to a rim 
of lower order. This represents a decrease of Fe'^ '^  outwards and 
i s a common f e a t u r e , reported by Graham (1973) and Cooper (1972). 
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Plate 64 
Photomicrograph: Porphyroblastic aggregates of epidote 
i n ^one B basalt. Some possibly pseudomorphing o l i v i n e , 
P o i k i l o b l a s t i c epidote i s also apparent w i t h i n a c t i n o l i t e 
pseudomorphs (Sample 4044, XP, F i e l d width = 4 mm,). 
Plate 65 
Photomicrograph: Aggregate of coarse, well-formed 
Bpidote associated w i t h f i n e r grained c a l c i t e and b i o t i t e . 
Possibly a composite pseudomorph a f t e r o l i v i n e or 
pyroxene, (^^ample 5530A. XP, F i e l d width = 4 mm.). 
This zonation i s not necessarily a prograde chemical change, 
but may r e s u l t from the k i n e t i c s of c r y s t a l growth, whereby 
Fe'^ "'" i s r a p i d l y taken up i n i t i a l l y , d epleting the immediate 
surrounds of the c r y s t a l (Graham, 1973). 
Chemistry. V a r i a t i o n i n the epidote series i s simply a 
r e s u l t of the s u b s t i t u t i o n : -
r- 3 + 
Fe ^ A l , 
t h i s r a r e l y exceeding a value of 1 Fe"^"*" ca t i o n i n the basic 
z o i s i t e formula ( i . e , Ps = 33%). 
The d i s t i n c t i o n between epidote and c l i n o z o i s i t e i s 
somewhat a r b i t r a r y , though Deer et a l . (1962) i n d i c a t e a value 
of Ps = 15%, above which 2\l about Z exceeds 90°. Holdaway (1972) 
regards Ps = 10% as a s u b d i v i s i o n . By e i t h e r of these schemes, 
the epidotes analysed here are not ' c l i n o z o i s i t e ' , the Ps range 
being from 14,5 to 32 per cent. Z o i s i t e (Ps < Z%) has not been 
observed. 
V a r i a t i o n of epidote composition w i t h temperature i s complex. 
Miyashiro & Seki (1958) noted t h a t w ith increased grade the 
compositional range of epidote was extended from Ps near to 33 .per 
cent at low temperature, to encompass more A l - r i c h c l i n o z o i s i t i c 
v a r i e t i e s at higher temperatures. S i m i l a r l y , Kuniyoshi & Liou 
(1975) observed a s l i g h t decrease i n Ps content from around 30 at 
prehnite-pumpellyite f a c i e s to about 26 at epidote - amphibolite 
f a c i e s . Holdaway (1965) documents somewhat more complex v a r i a t i o n 
w i t h grade: At the c h l o r i t e zone (greenschist f a c i e s ) he reports 
a compositional gap between Ps = 16 and Ps = 29, At s l i g h t l y 
higher grade, only Ps of greater contents than 20 per cent occurs, 
and f i n a l l y , at epidote-amphibolite f a c i e s , the epidotes a l l contain 
Ps of less than 22 per cent. These r e l a t i o n s possibly suggest the 
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presence of a solvus as proposed by Strens (1965), though i t i s 
probably asyniriatrical w i t h the apex at about Ps = 22 per cent as 
suggested by Holdaway (1972). Thus, the compositional gap near 
the top of the solvus involves Ps contents higher than those lower 
down. 
Though the presence of a solvus explains the increased spread 
of compositions at higher temperatures, i t does not explain the 
a c t u a l s h i f t i n g of composition away from high Ps values as reported, 
and noted above, by Kuniyoshi & LioU, (1976) and Holdaway (1965). 
On the c o n t r a r y , as Liou (1973) and Holdaway (1972) show, Fe-rich 
epidote i s thermally more stable than c l i n o z o i s i t e , both at high 
and low temperature, given s u i t a b l y high f^^ , Thus, where a l l 
epidotes tend towards c l i n o z o i s i t e as temperature increases, i t 
i s l i k e l y t h i s i s due to decreasing f , This i s seen i n the data 
°-2 
of Cooper (1972), where oligoclase-zone, amphibolite facies epidotes, 
although only containing Ps contents of 17 per cent compared to 
b i o t i t e - z o n e , greenschist f a c i e s epidotes w i t h Ps = 28-30 per cent, 
occur i n much less oxidised rocks. That i s , there i s a d i r e c t 
c o r r e l a t i o n between Ps content and whole-rock ox i d a t i o n r a t i o . 
Epidotes analysed here are p l o t t e d i n F i g , 6,13, a p l o t of 
Ps% versus whole-rock Fe /(Fe + ftl). There i s a s l i g h t c o r r e l a t i o n , 
as might be expected. However, what i s important, as suggested i n 
3+ 
the previous paragraph, i s Fe / A l and not Fe /Al i n the rock. 
Where the samples probed have been analysed f o r FeO wet chemically, 
as w e l l as f o r Fe 0„ by XRF (Appendix 2 ) , oxidation r a t i o i s 
i n d i c a t e d i n F i g , 6.13, Also shown, i s the presence of coexisting 
magnetite, which as Holdaway (1972) notes, represents excess Fe"^"*" 
and mea'ns epidote composition i s a f u n c t i o n o f f g . only. Thus, 
the r e l a t i o n s h i p between f ^ - and Ps^ i s apparent i n the Rossland 
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Figure 6,13 
Whole-rock Fe/(Fe + A l ) versus Ps% i n 
epidote. Underlined symbols i n d i c a t e epidote 
co e x i s t s w i t h magnetite. Numbers adjacent to 
some points are the fe^O^/ife^Ori^ + FeO) r a t i o s of 
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data. In a d d i t i o n , there i s no reason to suppose zone B (representing 
higher grade) has epidotes lower i n Ps than zone A, That i s , given 
s u f f i c i e n t l y high f ^ , Ps-rich epidotes are stable i n t o the upper 
greenschist facies (zone B - samples 5075B, 5516A, f o r example). 
On the basis of Liou's (1973) paper, a Ps content of 33 per 
cent appears at a f ^ , value near the HM b u f f e r , w h i l s t Ps = 25 per 
cent i s produced a t the QFM b u f f e r . Samples 5088 and 5530A, whose 
epidotes are low i n Ps (EP88, EPOA, Appendix 3 ) , notably do not 
contain magnetite, but sulphides, i n d i c a t i n g a lower f , 
°2 
Samples 5075B and 5516B, containing magnetite and Ps-rich epidotes 
(EP5B, EP16B), probably had a f g ^ somewhere between QFn and Hh. 
The data i n F i g , 6,13 suggest a compositional gap may l i e 
between Ps = 22 and Ps = 28 per cent, and possibly the solvus 
r e f e r r e d to above was o p e r a t i v e , Strens (1965) suggested the 
epidote solvus dosed at about 550°C, Also a compositional gap of 
about 22 to 26 (Ps%) i s apparent i n the data of Cooper (1972) and 
Brown (1967) f o r s i m i l a r grade (greenschist f a c i e s ) rocks of the 
Southern Alps, 
6:6 Feldspar 
riode of occurrence. Zone A feldspar was described b r i e f l y i n 
Chapter 4, since i t occasionally occurs w i t h r e l i c t patches of 
clear primary plagioclase. Otherwise, the extreme clouding of 
the phenocrysts ( c f . Plates 43 , 45 ) by s e r i c i t i c and s a u s s u r i t i c 
a l t e r a t i o n , or by carbonates, makes the deterfJiination of composition, 
o p t i c a l l y and by microprobe, extremely d i f f i c u l t . X-ray dif f r a c t o m e t e r 
runs of feldspar separates from two samples, however, show the 
feld s p a r to be generally i n the low s t r u c t u r a l s t a t e , by using the 
peak-separation curves of Smith (1956) and Smith & Gay (1956), The 
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a l t e r e d feldspar i n these rocks i s , t h e r e f o r e , probably a l b i t e . 
R e l a t i v e l y coarse and clear patches of a l b i t e were observed i n 
one sample (5038), associated w i t h quartz and epidote. Generally, 
though, secondary feldspar only occurs replacing primary feldspar 
i n zone A, and does not cause d e s t r u c t i o n of igneous textures. 
Feldspar i n zone B assumes, e s s e n t i a l l y , two common habits. 
Most f r e q u e n t l y , metamorphic plagioclase has replaced igneous 
plagioclase occurring as l a t h - l i k e phenocrysts. In sub-zone B2 
the plagioclase i s usually a l b i t e (e.g. Plate 49 ) , whereas i n 
samples (e.g. 5116, 5049) from B4 the composition i s more a n o r t h i t i c . 
I n v a r i a b l y , l a t h - l i k e plagioclase contains i n c l u s i o n s of e i t h e r 
e p i d o t i c minerals or, less commonly, a c t i n o l i t e needles. Compared 
to zone A, however, the plagioclases are generally much clearer 
except where retrograde development of s e r i c i t e has occurred. 
Apart from assuming igneous t e x t u r e s , plagioclase also develops 
as r e c r y s t a l l i z e d aggregates showing no c r y s t a l form at a l l . These 
aggregates are p a r t i c u l a r l y common i n the sheared and shattered rocks 
of B2. Plates 66 and 67 show a l b i t e feldspar aggregates 
forming i n pressure shadows. These show rather dusty i n t e r i o r s 
and uneven e x t i n c t i o n . S i m i l a r a l b i t i t e aggregates occur i n 
undeformed vesicles i n samples from B3 (e.g. 5516A, 4105A), 
In zone B l , where metamorphic r e c r y s t a l l i z a t i o n has been 
severe, no l a t h s of r e l i c t igneous habit e x i s t . A l l the feldspar 
forms a granular mosaic as shown i n Plate 47 . This plagioclase 
i s generally q u i t e clear except where some s e r i c i t i z a t i o n has 
developed. 
K-feldspar i s also r a r e l y observed. Where i t i s i d e n t i f i e d , 
i t u s u a l l y forms very small, elear grains or aggregates associated 
w i t h a l b i t e . 
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Plate 66 
Photomicrograph: Sub-zone B2 sample showing the 
development of a l b i t i c aggregates, p a r t l y pseudomorphing 
amphibole, and p a r t l y developed i n a pressure shadow, 
C a l c i t e i s also present associated w i t h a l b i t e (Sample 
5530A, XP, F i e l d width = 4 mm,). 
Plate 67 
Photomicrograph: C a l c i t e + a l b i t e aggregates r e s u l t i n g 
from shearing i n sub-zone B2 (Sample 5538A, XP, F i e l d 
width = 4 mm,), 
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Chemistry, Plagioclase composition i n the greenschist and lower 
amphibolite facies i s , as i s w e l l known, c o n t r o l l e d at the (\la-rich 
end of the spectrum by the p e r i s t e r i t e solvus. Generally, a l b i t e 
i s believed c h a r a c t e r i s t i c of the greenschist f a c i e s , whereas with 
increased grade a jump i n plagioclase composition firom about An^ to 
An^^ occurs (Winkler, 1974). The reason f o r t h i s change i s the 
tendency f o r epidote to react w i t h a l b i t e to form a more c a l c i c 
p l a g i o c l a s e . This type of r e a c t i o n , however, appears to vary with 
pressure. As Graham (1973, 1974) and Winkler (1974) suggest, a l b i t e 
p e r s i s t s to higher grade (amphibolite) at high P, whereas at lower P, 
f o r example during contact metamorphism (Kuniyoshi & Liou, 1976), 
a l b i t e r e a d i l y transforms to o l i g o c l a s e at about the temperature t h a t 
a c t i n o l i t e goes to form hornblende. 
In general, w i t h i n the Rossland zone B area, the occurrence of 
A l - r i c h hornblende i n sub^zones Bl and B4 i s associated with a 
p l a g i o c l a s e more a n o r t h i t h i i E than An^ .^ ,; f o r example, samples 4029A, 
4Q29B ( B l ) and 5049, 5116 (B4). On the opposite side of the 
p e r i s t e r i t e solvus, a l b i t e in sub-zones B2 and.BS tends to be associated 
w i t h a c t i n o l i t i c hornblende (e.g. 5538B, 4105A), Exceptions to t h i s 
occur, as pointed out i n Chapter 7, but nevertheless, t h i s would seem 
to i n d i c a t e t h a t low pressures . occurred d u r i n g the Rossland 
metamorphism, i n c o n t r a s t to the Dalradian Barrovian metamorphism, 
f o r example, where a l b i t e persists i n metabasites w e l l up i n t o the 
garnet-zone Amphibolite f a c i e s (Graham, 1973). This agrees with other 
evidence, such as the Na(n4) contents of the amphiboles (Section 6.2). 
Analysis of a l b i t e (Appendix 3) show An content varies from 
less than one per cent t o about 5 per cent, whereas the higher 
grade plagioclase compositiors of Bl and B4 have An contents ranging 
from 17 t o 60 per cent. 
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Three K-feldspar analyses are also tabulated i n Appendix 3. 
TujD are from 5538B and haue Ab contents of less than 3 per cent, 
whereas one from 4007 has an Ab content of 11 per cent. 
6; 7 Opeique Flinerals 
I t was shown i n Chapter 4 t h a t w i t h i n zone A , r e l i c t T i -
magnetite i s present i n some samples, but t h a t i n others primary 
s p i n e l s have a l t e r e d to sulphides or indeterminate, t u r b i d aggregates 
of a l t e r a t i o n products, possibly i r o n hydroxides and sphene. In 
zone B, no r e l i c t igneous s p i n e l has been i d e n t i f i e d . Here, i t 
has e i t h e r vanished during metamorphic r e c r y s t a l l i z a t i o n , or i t has 
formed sulphides. Where f r e s h magnetite i s apparent, i t i s 
compositionally adjusted to metamorphic condi t i o n s . Analyses of 
magnetite (Appendix 3) show i t i s v i r t u a l l y pure f^e^O^ with uery 
l i t t l e T i or A l , 
Magnetite i s observed i n sub-zones 81 (5075B, 5077), B3 
(5516A, B, 4105A) and B4 (4013A), whereas i n B2,sulphides tend to 
develop, p a r t i c u l a r l y i n the sheared rocks near to the S i l v e r King 
Porphyry, 
Examples of magnetite are seen i n Plates 20 and 21 , 
where they form small i n c l u s i o n s i n pseudomorphic amphibole or rounded 
c r y s t a l s i n the groundmass. In these cases they probably represent 
pseudomorphs a f t e r primary s p i n e l . 
Sulphides, p y r i t e or c h a l c o p y r i t e , usually form ragged patches 
t h a t may have developed over primary s p i n e l , but equally are l i k e l y 
t o be new growths. Occasionally they form conspicuous c l u s t e r s of 
well-formed cubic minerals, e a s i l y v i s i b l e i n hand specimen; and, as 
noted, form p a r t i c u l a r l y near the outcrop of the S i l v e r King Porphyry 
( u n i t 8d i n F i g . l . l ) which, as Mulligan (1952) observes, appeared to 
be a locus or cause of m i n e r a l i z a t i o n . 
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Haematite i s occasionally observed forming t r a n s l u c e n t , red 
rims to magnetite. I t seems l i k e l y t h a t varied considerably 
during the a l t e r a t i o n h i s t o r y of the volcanics. 
6;8 Carbonate 
Carbonate i s a p r o l i f i c phase i n the uolcanics, occurring i n 
both zones. In zone A i t i s l o c a l l y abundant, t y p i c a l l y forming 
i n c a v i t i e s (Plates 23 , 32 ) . A l t e r n a t i v e l y , i t forms as a 
breakdown product of plagioclase,sometimes replacing i t completely. 
Carbonate also pseudomorphs o l i v i n e (Plate IB ) and occasionally 
pyroxene, sometimes together with c h l o r i t e . I t i s curious that 
i n some samples,pyroxene can be both t o t a l l y f r e s h or t e t a l l y 
replaced by carbonate - an example i s shown i n Plate 38B . 
Another c h a r a c t e r i s t i c h a b i t of carbonate, as noted i n Chapter 3, 
i s i t s formation as a cement or matrix i n v o l c a n i c l a s t i c rocks 
( P l a t e 11 ) . Zone A carbonate i s apparently a l l c a l c i t e . The 
presence of dolomite or ankerite was tested f o r by a qualitative 
determination of Fe and l^g with the microprobe, and by examination 
of X-ray d i f f r a c t i o n patterns of several samples. 
In zone B, c a l c i t e i s again the only carbonate observed, or 
detected, and i n general i t i s less abundant. As noted i n 
Section 6:1, c a l c i t e ( w i t h c h l o r i t e ) i s most abundant i n zone 82. 
Here i t can form as. aggregates i n veins and c a v i t i e s , associated with 
e i t h e r a l b i t e ( P l ate 66 ) , b i o t i t e , epidote (Plate 65 ) or c h l o r i t e , 
Where c a l c i t e replaces amphibole i n a retrogressive manner, i t i s 
u s u a l l y associated w i t h c h l o r i t e ( c f . Plate 50 ) . 
In the other B sub-zones c a l c i t e i s generally less abundant, 
although i n 83 i t can be common i n a few veined or vesicular samples. 
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(Plate 51 ) . The presence of carbonate, as i s the case with 
c h l o r i t e , i s aided by the c r e a t i o n of space during shearing or 
b r i t t l e f r a c t u r i n g . 
6:9 Accessory and other minerals 
Apart from the minerals described above, others appear 
occurring only i n small amounts, or, w h i l s t being quite common, 
are low i n abundance and f i n e - g r a i n e d . These include quartz, 
p r e h n i t e , a p a t i t e , muscovite and sphene. 
Due to the basic nature of the volcanics, free quartz i s 
never very abundant - i n v a r i a b l y much less than 1%. I t also 
occurs as very small c r y s t a l s i n the groundmass or associated 
w i t h e p i d o t i c veins and patches. Sometimes, small quartz 
c r y s t a l s can be observed included p o i k i l o b l a s t i c a l l y i n amphibole. 
Prehnite occurs s p o r a d i c a l l y i n zone A rocks, but not zone B, 
p r i n c i p a l l y as a v e s i c l e f i l l i n g but possibly also as an a l t e r a t i o n 
product of f e l d s p a r , though i n t h i s case i t i s generally f a r too 
fi n e - g r a i n e d to i d e n t i f y o p t i c a l l y . As a c a v i t y f i l l i n g , prehnite 
occurs as aggregates of r a d i a l sheaves. I t i s colourless with 
moderate (2nd order) p o l a r i z a t i o n colours. I n v a r i a b l y , prehnite 
i n t h i s mode i s surrounded by c h l o r i t e of a s i m i l a r h a b i t , though 
t h i s mineral i s green and shows anomalous or f i r s t - o r d e r p o l a r i z a t i o n 
colours (Plate 30). 
Two analyses of prehnite from sample 5063, where i t i s w e l l -
developed, are tabulated i n Appendix 3, These compare very closely 
w i t h prehnites from the Karmutsen Group, Uancouver I s l a n d , reported 
by Surdam (1969) and Kuniyoshi & Liou (1974, 1976). 
The presence of a p a t i t e , presumably of igneous o r i g i n , was 
reported i n Section 4:1:1 from zone A. Apatite i s also apparent 
i n zone B, where'it s i m i l a r l y occurs included i n pyroxene 
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(amphibole pseudomorphs), or independently i n the groundmass, as 
sub-euhedra of up to 0,5 mm. In one sample, a prism of ap a t i t e was 
observed, enclosed by amphibole, which reached 1 mm. i n length. 
Plate 36 shows a rounded a p a t i t e c r y s t a l i n sample 74B. Apatite 
i n zone B i s probably a r e l i c t igneous phase. 
Sphene i s a commonly reported accessory phase i n metabasites 
(e.g. Kuniyoshi & Liou, 1976; Graham, 1973; Smith, 1969; 
Floyd, 1976), where i t evolves due t o the release of TiO^ when 
t i t a n i f e r o u s igneous minerals ( a u g i t e , magnetite, i l m e n i t e ) bred<:down, 
S i m i l a r l y , i n the Rossland volcanics sphene i s present as minute 
granules scattered i n the groundmass or included i n amphibole. 
Plat6 61 shows an occurrence of fine,granular sphene rimming a 
T i - f r e e magnetite. 
Muscovite, i n the form of s e r i c i t e , i s qu i t e a commonly 
oc c u r r i n g phase, e s p e c i a l l y i n zone A where i t replaces primary 
f e l d s p a r ( c f , Plate 17 ) , Within zone B i t i s less common and 
where i t does occur, i t i s a retrograde a l t e r a t i o n product. A 
l o c a l i s e d area between zones B2 and 83 (samples 5519, 5520, 5521) 
i s p a r t i c u l a r l y r i c h i n s e r i c i t e , a n d coarse muscovite i s occasionally 
seen i n veins, associated w i t h c a l c i t e and c h l o r i t e . Coarse 
muscovite i s also a c h a r a c t e r i s t i c mineral replacing feldspar i n 
the S i l v e r King porphyry rocks ( u n i t 8d i n F i g . l . l ) , 
6;1D Fe-Mq p a r t i t i o n i n g between phases 
A f r e q u e n t l y used t e s t f o r e q u i l i b r i u m amongst mineral 
assemblages i s to consider the d i s t r i b u t i o n of elements between 
pai r s of minerals, (e.g. Cooper, 1972; Saxena, 1969; Ernst et a l . , 
1970). A d i s t r i b u t i o n c o e f f i c i e n t , , i s defined thus: 
(6:1) KD^-^ = X^" ( 1 - ) 
x / d - x ^ ) 
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where i s the atomic f r a c t i o n of element A i n phase c< . For 
i given temperature and pressure, i t would be expected that minerals 
i n e q u i l i b r i u m should define a l i n e when the denominator of equation 
6:1 i s p l o t t e d against the numerator. I d e a l l y , t h i s should be a 
s t r a i g h t l i n e o r i g i n a t i n g at zero. 
I f the ion-exchange r e a c t i o n ; 
Fe ^ + nq^ ^ + ^'io< •, 
i s considered, then equation 6:1 would reduce t o : 
(6:2) K j f - / = ( n g / F e ) ^ x (Fe/Hg). 
ng/Fe 
Using equation 6:2>plots of c o e x i s t i n g c h l o r i t e - b i o t i t e , c h l o r i t e -
amphibole and biotite-amphibole pairs have been produced, 
j S l i i i ^ C h l o r i t e - B i o t i t e 
I t i s evident from Fig,6.14A t h a t the few samples analysed 
w i t h c o e x i s t i n g c h l o r i t e and b i o t i t e p l o t along a s t r a i g h t l i n e , 
near.^y, w i t h a value of 1.33. I t i s reasonable to #ssume 
th a t e q u i l i b r i u m was more or less a t t a i n e d . A b e s t - f i t s t r a i g h t 
l i n e , however, does not pass through the o r i g i n but r a t h e r , at high 
Mg/Fe, c h l o r i t e i s p r e f e r e n t i a l l y enriched i n l^g r e l a t i v e to b i o t i t e . 
This e f f e c t i s only s l i g h t and may not be s i g n i f i c a n t . 
Good coherence between b i o t i t e and c h l o r i t e i s also observed 
by Cooper (1972), though he used equation 6:1 above. Cooper ( o p . c i t ) 
also notes an increase i n KQ w i t h increased grade, due to a tendency, 
noted i n Section 6:4, f o r Pig/Fe to increase i n c h l o r i t e w ith increased 
grade, whereas b i o t i t e s do not show t h i s f e a t u r e . The somewhat 
d i f f e r i n g behaviour of c h l o r i t e and b i o t i t e chemistry, pointed out 
i n Section 6:4, may be the cause of the s l i g h t d e v i a t i o n i n Fig.6.14A 
r e f e r r e d to i n the previous paragraph. 
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Figure 6 . 1 4 
( A ) Mg/Fe d i s t r i b u t i o n between c h l o r i t e and 
b i o t i t e {K^ as defined i n equation 6.2 i n the t e x t ) 
( B ) Mg/Fe d i s t r i b u t i o n between c h l o r i t e and 
amphibole, 
(C) Mg/Fe d i s t r i b u t i o n between b i o t i t e and 
amphibole, (Some samples numbered where r e f e r r e d 
to i n t e x t ) . 
( D ) Fe d i s t r i b u t i o n between b i o t i t e and 







Clearly ( F i g . 6.14B), t h i s mineral pair behaves somewhat 
d i f f e r e n t l y to c h l o r i t e - b i o t i t e , although a broad p o s i t i v e c o r r e l a t i o n 
through zero i s evident. The reason f o r the sc a t t e r i s due to the 
va r i a b l e amphibole composition, thought i n part to r e f l e c t d i s -
e q u i l i b r i u m (Section 4:2). The tendency f o r hornblende to have 
higher Fe/Mg r a t i o s t h a n c o e x i s t i n g c h l o r i t e , whereas a c t i n o l i t e has 
a lower r a t i o , i s a f a c t also reported by Graham (1973, 1974), 
.Hie:tanen (1974) and Cooper (1972). This r e f l e c t s the non-ideal 
mixing between the Ml, M2 and M3 s i t e s , which in t u r n r e f l e c t s the 
variaible amounts of Al"""". Also, Fe"^"*" i s e f f e c t i v e i n int r o d u c i n g 
d e v i a t i o n s from a s t r a i g h t l i n e i n Fig. 6.UB,:If i d e a l mixing takes 
place between the Ml, M2 and M3 s i t e s , Mg/Fe wouldnot vary, though 
X^^ would decrease ( i . e . Mg/(Mg + Fe + Al"""")). A l t e r n a t i v e l y , i f 
Al only replaced Mg i n the M2 s i t e , Mg/Fe would decrease, as i t does, 
and so would X„„ However, i n t h i s l a t t e r case would remain Mg. ' Fe 
constant. As Cooper (1972) shows,X^.^ i n f a c t increases as Al^"*" 
increases, which r e f l e c t s Fe"^"*" i n c o r p o r a t i o n concurrently with Al"""". 
This e f f e c t i s also evident i n Fig.6.14D, which shows X^^ v a r i a t i o n 
i n amphibole, but r e l a t i v e t o b i o t i t e . As Graham (1973) notes, 
using Fe/Mg r a t i o s i n complex minerals - l i k e amphibole i n which 
other elements i n t e r f e r e - t o demonstrate e q u i l i b r i u m or d i s -
e q u i l i b r i u m i s not easy. 
However, values shown i n Fig. 6.14B are comparable to those 
quoted by . Hietanen.. (1974) f o r greenschist f a c i e s , of 0.7 to 1.2, 
wi t h one value of = 1.9 near a gr a n i t e contact. Probably, 
t h e r e f o r e , e q u i l i b r i u m between amphibole and c h l o r i t e i s not f a r 
from the t r u t h , except perhaps i n the case of 5075B (Fig.6.14B), 
where the Mg-rich amphiboles p l o t a t very low Kg. 
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6:1Q3 Biotite-Amphibole 
The behaviour of t h i s mineral pair i s s i m i l a r to that of 
chlorite-amphibole. There i s , however, an apparent bulk s h i f t 
of ae Rg/Fe varies ( F i g . 6.14C), rather than a scattered 
c o r r e l a t i o n o r i g i n a t i n g a t zero. The most Fe-rich amphiboles 
have values up to 1.55 (samples 4029B, 748), whereas the most 
Mg-rich amphiboles (5075B, 55168) produce K^^ values near to 0.4. 
That samples 4029B, 748 and 50758 aH-.come from sub-zone 81 indicates 
a degree of d i s e q u i l i b r i u m , p a r t i c u l a r l y , as noted i n Section 6:9:3, 
w i t h regard to 5075B. By comparison, Choudhuri (1974) reports 
values f o r t h i s mineral pair between about 1,50 and 1.00 i n rocks 
of upper greenschist to hornblende-hornfels f a c i e s . Fig,6,14D, 
which i s p l o t t e d w ith regard to equation 6,1 above, and f o r the 
element Fe only, shows a s i m i l a r d i s t r i b u t i o n of points as Fig.6,14C. 
Using KQ as defined i n F i g , 6.14D, Cooper (1972) reports values of 
1.61 a t the b i o t i t e - z o n e (greenschist f a c i e s ) and 0,77 a t t h e 
oligoclase-zone (amphibolite f a c i e s ) . That values f o r the bulk 
of the Rossland samples are s i m i l a r to these other examples, suggests 
e q u i l i b r i u m was on average a t t a i n e d , but the more extreme samples 
(see Fig,6.14C) t h a t give KQ values more or less than other reported 
examples probably represent l o c a l i s e d d i s e q u i l i b r i u m , or possibly 
temperature d i f f e r e n c e s . The samples 5516A, 5516B and 4105A, 
p a r t i c u l a r l y , i n d i c a t e d i s e q u i l i b r i u m since they a l l occur w i t h i n a 
l o c a l i s e d area (see F i g . l . l ) and contain b i o t i t e s of constant 
composition. Sample 4029B, a l t e r n a t i v e l y , may r e f l e c t a higher 
temperature of e q u i l i b r a t i o n , though since i t s K^ i s so d i f f e r e n t 
from the bulk of the other samples, t h i s i s u n l i k e l y to be wholly 
the case. 
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Another possible cause of v a r i a t i o n i n K^  i s pressure. 
Hietanen (1971) considered t h a t the d i f f e r e n c e between K^  values 
of 0,65 and 0,8 ( c f . equation 6:2) f o r amphibole-biotite pairs 
i n d i o r i t e s , r e f l e c t e d a pressure d i f f e r e n c e of greater than 1 Kb, 
higher pressures favouring lower KQ. But i n the Rossland case the 
complexity of the data does not allow r e s o l u t i o n of t h i s s o r t . 
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CHAPTER 7 
METAMORPHISM OF THE ROSSLAND UDLCANIC ROCKS 
In the f i r s t p a r t of t h i s chapter, discussion i s centred 
around the conditions of metamorphism, namely T, P and X^^ , as 
deduced from the nature of the secondary mineral assemblages 
developed. The l a t t e r p a r t of the chapter deals w i t h the causes 
of the metamorphism and the r e l a t i o n of the volcanics to the regional 
metamorphic p i c t u r e . 
7;1 Conditions of metamorphism 
7;1:1 Zone A 
The c h a r a c t e r i s t i c mineral assemblage i n t h i s zone i s : 
C h l o r i t e + C a l c i t e + A l b i t e + Epidote + Prehnite. (1) 
Other phases include s e r i c i t e , sulphides and possibly secondary 
quartz. Also, i n view of the presence of prehnite, the mineral 
pumpellyite may be present ( c f . Coombs, 1960), although i t has 
not been p o s i t i v e l y i d e n t i f i e d . Pumpellyite, where i t i s 
reported (e.g. D o l l y , 1970; Dolly & Smith, 1972), t y p i c a l l y occurs 
as a c a v i t y f i l l i n g or as an a l t e r a t i o n product a f t e r plagioclase. 
In zone A samples, pumpellyite has not been observed as a ca v i t y 
f i l l i n g , whereas c h l o r i t e , c a l c i t e , epidote and prehnite have. 
However, plagioclase (Section 6:5) i s commonly a l t e r e d to f i n e , 
h i g h - r e l i e f a l t e r a t i o n products t h a t may include pumpellyite. 
X-ray d i f f T a c t o m e t e r runs of various samples, s p l i t g r a v i t a t i o n a l l y 
and magnetically, gave inconclusive r e s u l t s ; the problem being t h a t 
due to the minor amounts of pumpellyite, i f i t e x i s t e d , i t s peaks 
are swamped by c h l o r i t e , c a l c i t e and feldspar peaks. Other 
reasons could account f o r the absence or very low abundance of 
pumpel l y i t e , such as low pressure or high X^^^^ . 
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The assemblage ( 1 ) , defined above, by v i r t u e of the lack of 
z e o l i t e s or a c t i n o l i t e , plac»zone A i n the prehnite-pumpellyite 
metagreywacke fa c i e s (Turner, 1968) or the very-low-grade zone of 
Winkler (1974). Similar mineral assemblages are reported by 
Smith (1969), Levi (1969) and Kuniyoshi & Liou (1974) i n b u r i a l 
metamorphosed sequences of volcanics and sediments. Assemblage ( l ) 
compares w e l l w i t h d e s c r i p t i o n s of zones 1 and 2 of the New South 
Wales sequence described by Smith (1969). Here, pumpellyite i s 
apparently absent due to temperatures and pressures below i t s 
s t a b i l i t y f i e l d . In zone 3, as defined by Smith ( o p . c i t ) and which 
i s of s l i g h t l y higher.grade, pumpellyite makes an appearance. 
S i m i l a r l y , i n the sequence i n Chile described by Levi (1969), 
rocks w i t h the assemblage:-
A l b i t e + Epidote + C a l c i t e + C h l o r i t e , 
but without pumpellyite or p r e h n i t e , l i e d i r e c t l y over lower 
greenschist f a c i e s rocks. Thus prehnite and pumpellyite are 
not i n v a r i a b l y present i n a l l low-grade rocks at the P and T of 
prehnite-pumpellyite f a c i e s . Hashimoto (1972) note t h a t w i t h i n 
the pumpellyite zone of the Tamba d i s t r i c t of Dapan, pumpellyite 
i s not always present and shows an a n t i p a t h e t i c r e l a t i o n s h i p with 
c a l c i t e . 
Both prehnite and pumpellyite are l i m i t e d by the r e a c t i o n s : -
Prehnite + CO2 = C a l c i t e + C l i n o z o i s i t e + Quartz + H2O (2) 
Pumpellyite + CO, = C h l o r i t e + Calcite + C l i n o z o i s i t e + Quartz, 
+ H2O (3) 
Thus, the presence of these two minerals becomes incre a s i n g l y 
r e s t r i c t e d to low X^ ^^  as T increases. At 350°C to 400°C (Pf^^jj^^jj = 2Kb), 
X _ , defined by ( 2 ) , i s about 0.01 (Fig.10.2 i n Winkler, 1974), In 
CO2 
the Sanfaagawa t e r r a i n , pumpellyite and lawsonite-bearing rocks were 
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formed at Xp_ = 0,03 or less and i n the Franciscan t e r r a i n X 
^^2 ^°2 
was less than 0,01 (Ernst, 1972), That c a l c i t e i s quite 
abundant i n some zone A samples suggests t h a t CO^  a c t i v i t y may 
have been high enough to cause r e a c t i o n (3) and possibly (2) to 
proceed from l e f t to r i g h t . The r e a c t i o n : -
C l i n o z o i s i t e + CO^  = Anorthite + Ca l c i t e + H2O (4) 
s i m i l a r l y l i m i t s epidote s t a b i l i t y and at 350-400°C (Pj^•j^^Jj^J = 2kb) 
defines X at 0.03 (Storre & Nitsch, 1972). A co n d i t i o n may be 
pos s i b l e , then, where X _ i s bounded by these reactions such t h a t 
epidote rather than pumpellyite i s s t a b l e , although T i s s t i l l 
w i t h i n the range of very low-grade metamorphism. . 
In zone A the inf l u e n c e of a s i g n i f i c a n t a c t i v i t y of CO^  i s 
seen by the occurrence of reactions such as:-
Diopside + H2O + CO^  = C h l o r i t e + Ca l c i t e + Quartz (5) 
( c f . Plate 18 ) , and:-
Diopside + CO^  + H2O = A c t i n o l i t e + Ca l c i t e + Quartz (6) , 
Reaction (6) p a r t i c u l a r l y i s favoured by high X^ (Hashimoto, 1972). 
As already i m p l i e d , temperatures w i t h i n zone A are on the order 
of 300 to 400°C. This temperature range defines, f o r pressures less 
than about 3kb, an area i n P-T space where z e o l i t e s are unstable and 
where a c t i n o l i t e has s t i l l to be s t a b i l i s e d (see compilation of 
experimental data by Winkler, 1974), More s p e c i f i c a l l y , i t i s 
observed, by f o r example Smith (1969), t h a t laumontite (not observed 
i n zone A) disappears when prehnite and possibly pumpellyite become 
s t a b l e . Liou (1971) shows t h a t at 3kb. and 300°C,laumontite 
breaks down. Below 2Kb, and above about 310-340°C, prehnite i s 
st a b l e but not necessarily pumpellyite; and above 350-370°C, 
a c t i n o l i t e may be expected to s t a r t forming (Fig.12.11 i n Winkler, 1974). 
Thus low P, and T i n the region 320 C to 370 C, appear reasonable 
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f o r the zone A volcanics. Above 3-4kb the assemblage a c t i n o l i t e 
+ pumpellyite + lawsonite i s s t a b i l i s e d and prehnite" i s not observed. 
The e a r l i e r appearance of a c t i n o l i t e at these higher pressures, and 
i t s a b i l i t y to coex i s t with pumpellyite i s pointed out by Hashimoto 
(1972!), Seki (1969) and Kuniyoshi & Liou (1976). 
S t r a t i g r a p h i c a l considerations also l i m i t the load pressure (P). 
The lnt,-P^elly s e c t i o n ( F i g . 3.2) of the volcanics i s about -30 " 
thousand metres t h i c k . Deposition of the Ha l l Formation and the 
Upper Rossland Group provide at l e a s t another 1,500 metres. But since 
by t h i s time (Bajocian) the Ominica Belt was r a p i d l y emerging, i t i s u n l i k e l y 
-that much more sedimentation occurred. Probably, therefore, at 
the very base of the volcanic succession, the overburden was not 
much greater than 7,000. metres. This corresponds to about 2kt3, A 
s i m i l a r pressure estimate i s made by Kuniyoshi & Liou (1974, 1975) 
fo r the prehnite-pumpellyite f a c i e s Karmutsen volcanics of Uancouver 
I s l a n d . 
7:1:2 Zone A to B t r a n s i t i o n 
This t r a n s i t i o n i s not exposed i n the f i e l d , since i t occurs 
along the v a l l e y west from Salmo ( F i g . l . l ) . I t i s possible t h i s 
i s f a u l t - c o n t r o l l e d as suggested by Frebold & L i t t l e (1962). The 
incoming of amphibole south of F r u i t v a l e (Fig.6.1), however, i s quite 
abrupt. ^ 
The conspicuous h a b i t of amphibole as a pseduomorph a f t e r 
pyroxene i s probably governed by a generalised r e a c t i o n : -
H2O + C h l o r i t e ^ + Diopside = C h l o r i t e ^ + A c t i n o l i t e (7) 
In t h i s case, c h l o r i t e 2 i s more aluminous than c h l o r i t e ^ ( c f . 
Section 6:4). This type of r e a c t i o n , though, does not define an 
isograd or an e q u i l i b r i u m assemblage. Amphibole ( a c t i n o l i t e ) 
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i s also produced by: 
Prehnite + C h l o r i t e # Quartz = Epidote + A c t i n o l i t e + H2O ( 8 ) , 
though large amounts of prehnite are required (Hashimoto, 1972). Thus, 
although t h i s r e a c t i o n i s u n l i k e l y to be responsible f o r much a c t i n o l i t e , 
i t does define a tgnperature near which zone A i s transformed to zone 8. 
A more general r e a c t i o n that i s l i k e l y to occur i n the Rossland 
volcanics i s : 
C h l o r i t e + C a l c i t e + Quartz = Tremolite + C l i n o z o i s i t e + 
H2O + CO2 (9) 
This l a s t r e a c t i o n (9) i s proposed by Hashimoto (1972) to occur i n 
the low-P metamorphism of the Tamba d i s t r i c t , Dapan. At higher 
pressure the incoming of a c t i n o l i t e does not replace pumpellyite, 
and as might be expected, a c t i n o l i t e + pumpellyite assemblages have 
not been observed i n any Rossland rocks. On the contrary, Fe-poor 
epidote i s apparently r e a d i l y s t a b i l i s e d i n zone B, t h i s only 
o c c u r r i n g when other Ca-Al hydrdJs s i l i c a t e s have broken down 
(Winkler, 1974), 
Reaction (8) i s experimentally estimated to occur at about 
350°C (Pf j^^^d < 2kb) ( N i t s c h , 1971) and r e a c t i o n (9) has been 
c a l c u l a t e d (Fig.7.1) to occur at s i m i l a r temperatures f o r X _ 
LU2 
less than 0.2. 
B i o t i t e - f o r m i n g reactions must also have continued at roughly 
the same temperature as those forming a c t i n o l i t e . Most probably, 
as Smith (1969) suggests, b i o t i t e c r e a t i o n involves s e r i c i t i c 
muscovite. The r e a c t i o n : 
Muscovite + C h l o r i t e ^ = B i o t i t e + Chlorit82 + Quartz (lO) 
(Winkler, 1974) i s probably r e a l i s t i c , as t h i s r e a c t i o n , l i k e ( 7 ) , 
involves the production of a more A l - r i c h c h l o r i t e (cf.Section 6:4). 
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This r e a c t i o n , however, has not been s p e c i f i c a l l y recognised but i s 
regarded as l i k e l y by Winkler ( o p . c i t ) on the basis t h a t i t involves 
commonly occurring greenschist-facies minerals, e s p e c i a l l y i n p e l i t i c 
rocks. Biotite i n the Rossland rocks probably also evolved by a l t e r a t i o n 
of a K-rich igneous matrix. S t a b i l i z a t i o n of b i o t i t e i n p e l i t i c rocks 
i s shown to occur at 400-430°C by Winkler (1974). 
7:1:3 Zone B 
Mineral assemblages i n t h i s zone are quite varied (Table 7.1), 
though they a l l i n d i c a t e metamorphism w i t h i n the greenschist and 
lower amphibolite f a c i e s . I t i s evident from Table 7.1 th a t 
d i f f e r e n c e s are also apparent between zones, a f a c t noted previously. 
P a r t i c u l a r l y , c a l c i t e and c h l o r i t e are not e s s e n t i a l constituents of 
sub-zones B l , B4 and B5 but are ubiquitous i n sub-zone B2. I t was 
suggested i n Chapter 6 t h a t c a l c i t e and c h l o r i t e represent retrograde 
minerals whose development i s f a c i l i t a t e d by shearing. These 
minerals also show an antipathy w i t h epidote and b i o t i t e ( c f . B2(l) 
and 82(4), Table 7,1), 
.'frrother f e a t u r e , also noted i n Chapter 6, i s the tendency f o r 
e i t h e r hornblende + plagioclase or a c t i n o l i t e •+ ' a l b i t e to occur. 
However, some samples disobey t h i s g e n e r a l i z a t i o n , f o r example 5536E 
(assemblage Bl(2) i n Table 7,1) and 5074B ( B l ( 3 ) ) . This suggests 
t h a t although a l b i t e reacts to form plagioclase, and a c t i n o l i t e reacts 
to form hornblende simultaneously i n low-P greenschist metamorphism, 
the decomposition of a l b i t e to provide Na f o r the edemite molecule 
i s not e s s e n t i a l . Thus to some extent, e s p e c i a l l y i n B l , a 
t r a n s i t i o n a l a l b i t e - epidote - hornblende facies i s developed. In 




MINERAL ASSEMBLAGES I N ZONE B HETAUGLCANICS 
(1) Hornblends + Epidote + C h l o r i t e + Plagioclase 
(2) Hornblende + Epidote + B i o t i t e + Plagioclase 
( 3 ) Actinolite/Hornblende + C h l o r i t e + B i o t i t e + A l b i t e 
+ minor c a l c i t e , quartz, magnetite and sulphides. 
B2 
(1) A c t i n o l i t e + Epidote + B i o t i t e + A l b i t e + Calcite 
(2) Actinolite/Hornblende + Epidote + B i o t i t e + C h l o r i t e 
+ C a l c i t e + A l b i t e 
(3) Actinolite/Hornblende + B i o t i t e + C h l o r i t e + A l b i t e + Calcite 
(4) A c t i n o l i t e + C h l o r i t e + A l b i t e + Ca l c i t e 
+ minor quartz, K-feldspar. Sulphides common. 
_B3 
(1) A c t i n o l i t e + Epidote + B i o t i t e + A l b i t e + Calcite 
(2) A c t i n o l i t e + Epidote + C h l o r i t e + B i o t i t e +. Calcite 
+ minor quartz, ? K-feldspar. Magnetite common; sulphides rare. 
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(1) A c t i n o l i t e + Epidote + B i o t i t e + A l b i t e (+ C a l c i t e ) 
(2) Hornblende + B i o t i t e + Plagioclase 
( 3 ) Hornblende + Plagioclase + Quartz 
(4) A c t i n o l i t e + Hornblende +£pidote + B i o t i t e + Plagioclase 
+ uery rare c h l o r i t e , c a l c i t e . + Magnetite. 
65 
(1) A c t i n o l i t e + Epidote + B i o t i t e + A l b i t e 
( 2 ) Actinolite/Hornblende + C h l o r i t e + Epidote + A l b i t e 
(3) Actinolite/Hornblende + 6 i o t i t e + Plagioclase 
(4) 'flctinolite/Hornblende + C h l o r i t e + Calcite 
+ minor quartz, K-feldspar, sulphides. 
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may be present w i t h c a i i t e occurring as a r e l i c t phase. 
I n general, there are three causes of mineralogical 
v a r i a t i o n , giuen a f i x e d or l i m i t e d pressurei 
(1) Bulk-rock composition. I n the text on Metamorphism by 
Winkler (1974), v a r i a t i o n of mineral assemblage i n mafic rocks 
i s considered i n terms of e s s e n t i a l l y only four components: CaO, 
FeO + MgO, l^^2^z '^ •ost n a t u r a l l y occurring minerals i n 
metabasites f a l l w i t h i n t h i s tetrahedron. One common mineral i n 
the Rossland rocks does not, however: That i s b i o t i t e . C l early, 
the amount of b i o t i t e i s a f u n c t i o n of K2O, whether t h i s i s o r i g i n a l 
or introduced. B i o t i t e i n some samples, f o r example the Bl 
pyroxenites, was almost c e r t a i n l y introduced as noted i n Chapter 6 
(Section 6:3), S i m i l a r l y , b i o t i t e growth i n veins and as a replace-
ment of amphibole i n some B2 and 83 rocks i n d i c a t e s l o c a l K r e -
d i s t r i b u t i o n . 
Another component, Fe^O^, i s also unconsidered i n the C-fi-A-S 
tetrahedron r e f e r r e d to above, and as shown i n Section 6:5, epidote 
i s a f u n c t i o n of o x i d a t i o n r a t i o . 
Wore genera l l y , however, i t was observed e a r l i e r t h a t the 
common phases c h l o r i t e , biotite and amphibole, p a r t i c u l a r l y the 
l a t t e r , are chemically c o n t r o l l e d , to an exte n t , by whole-rock 
compositions. The generalised r e a c t i o n : 
C h l o r i t e + A l b i t e + A c t i n o l i t e + Epidote = Plagioclase + 
Hornblende + H^ O ( l l ) 
( c f . Liou e t a l . , 1974), although proceeding to the r i g h t w i th 
increased T, depends on ng/Fe r a t i o s i n the whole-rock. In Pig-
r i c h whole-rocks, a c t i n o l i t e p e r s i s t s to higher temperature and 
thus the t r a n s i t i o n to amphibolite i s retarded. 
2^5 
Much of the v a r i a t i o n i n zone B, t h e r e f o r e , can be 
a t t r i b u t e d t o t h i s e f f e c t , c e r t a i n l y w i t h i n any of the 8 
sub-zones, and possibly between them. 
(2) Temperature. Superimposed upon bulk-rock c o n t r o l i s the 
e f f e c t of temperature. Ouer an area- as large as zone 6, 
e s p e c i a l l y since the area i s r i d d l e d with i n t r u s i v e rocks, 
temperature v a r i a t i o n i s expected. However, since the bulk-
rock e f f e c t i s so evident ( c f . Figs. 6,3, 6.8, 6.11), temperature 
could not have varied g r e a t l y . 
L o c a l l y , where exposure permits, the e f f e c t s of a super-
imposed contact metamorphism are demonstrable. Since the 
shearing episode which a f f e c t e d the rocks i n 61, 62 and, i n p a r t . 
63 predates the Nelson i n t r u s i o n , ^ d since the early amphibolization 
stages preceded shearing (and probably the f o l d i n g ) of the volcanics, 
the Nelson B a t h o l i t h was not t o t a l l y responsible f o r the 
metamorphism of the volcanics. The superimposed contact 
metamorphism i s thus r e s t r i c t e d , since the volcanics were already 
w i t h i n the greenschist f a c i e s . 
In sub-zone B4, near Dominion Mountain (Fig.1.1), i t can be 
seen t h a t a seemingly v e r t i c a l g r a n i t e contact cross-cuts the 
volcanics. Sample 5049, taken from w i t h i n lODm. of the contact, 
shows a true amphibolite assemblage (64(3) - Table 7,1), At 
about 250m., sample 5048 shows the appearance of epidote and an 
a c t i n o l i t j c hornblende. Further s t i l l from the contact (e.g. 
samples 4016, 4D13A; ~ 500m.) c a l c i t e , epidote and b i o t i t e occur. 
S i m i l a r l y , the sequence of samples 4060-4066 (Fig.1.1) show that 
w i t h i n 200m. the assemblage consists of e s s e n t i a l l y hornblende + 
b i o t i t e + plagioclase (4060), Within 500 m (4061), minor epidote 
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appears and the amphiboles are zoned from a c t i n o l i t e to hornblende, 
(This two-amphibole assemblage, evident i n Plate 60 , probably 
r e f l e c t s the two-stage metamorphism of the volc?anics; regional 
followed by contact metamorphism). Beyond t h i s distance the 
minerals amphibole ( a c t i n o l i t e or hornblende), b i o t i t e , epidote 
and f e l d s p a r ( a l b i t e or plagioclase) occur, with minor c h l o r i t e 
and c a l c i t e . 
Temperature d i f f e r e n c e s also probably e x i s t between zone Bl 
rocks and those f u r t h e r south, as suggested i n ChaptsE 6, Despite 
the whoibe-rock c o n t r o l on mineral assemblages, the Al-and Fe-rich 
hornblendes and c a l c i c plagioclases i n zone Bl suggest higher grades 
of metamorphism compared to B2, B3 and B5. Possibly, t h i s i s a 
contact metamorphic e f f e c t due to the proximity of large masses of 
i n t r u s i v e rocks ardund B l , A l t e r n a t i v e l y , as i s indicated i n 
Section 7:4 below, t h i s r e f l e c t s a south to north increase i n 
r e g i o n a l metamorphic grade. 
In general, however, m.ineral assemblages are d e f i n i t i v e of 
greenschist to lower amphibolite, or t r a n s i t i o n a l epidote-
amphibolite f a c i e s . Temperatures thus indicated l i e w i t h i n a range 
of about 400°C to 525°C atP^^^^^ 2-3kb . Low pressures, 
such as these, are i n d i c a t e d by amphibole chemistry (Section 6:2). 
40D°C i s the average temperature, as considered by Winkler (1974), 
whera low-grade (greenschist) metamorphism s t a r t s , as heralded by 
the appearance of a c t i m o l i t e and Fe-poor epidotes. The upper 
temperature of low-grade metamorphism Winkler ( o p . c i t ) i ndicates 
to be about 50D-525°C, which i s when amphibole becomes hornblendic 
and, i n rocks of s u i t a b l e composition, when diagnostic minerals such 
as almandine and s t a u r o l i t e appear. Liou et a l . (1974) show that 
c h l o r i t e s t a r t s to disappear ( a t P^  = 2kb) at about 470°C, f i n a l l y 
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vanishing at about 540°C. In a d d i t i o n , epidote i s unstable above 
500°C at the QFM buff e r and at 620°C at the HM buff e r ( L i o u , 1973). 
The occurrence of epidote together with hornblende i n 61 suggests 
q u i t e high f g (between QFM and HM), unless P^  i s greater than 3-4 kb 
2 
(Lio u e t a l . , 1974). 
(3) F l u i d Composition. I f P|:>2yj_jj ~ '^solid' ^ common assumption 
and probably a r e a l i s t i c one (Winkler, 1974), then the only way i n 
which the f l u i d can a l t e r the mineral paragenesis i s to vary i n 
composition. Since the f l u i d dominantly i s a mixture of CO2 and 
( c f . Greenwood, 1976), X^ ^ i s usually considered. 
In a simple dehydration r e a c t i o n , an increase i n X i n the 
ambient f l u i d phase lowers the temperature of the r e a c t i o n . For a 
dehydration and decarbonation reaction,the maximum temperature w i l l 
be achieved when the ambient f l u i d phase has an X equal to that 
CO2 
produced by the r e a c t i o n . Thus, i t can be seen that at a constant 
T»a v a r i e t y of mineral parageneses can be produced, simply by varying 
C^O^ * 
To demonstrate the combined e f f e c t of T and X i n the Rossland 
v o l c a n i c s . Fig.7,1 has been constructed. This i l l u s t r a t e s the 
P-T-X dependancy of mineral assemblages amongst the minerals 
quartz ( q ) , c a l c i t e ( c c ) , a n o r t h i t e ( a n ) , c l i n o c h l o r e ( c l i n ) , 
c l i n o z o i s i t e (cz) and t r e m o l i t e ( t r ) . Reactions'between : . / 
phases are: 
1. 2cz + CO^  = 3 an + cc + H2O (12) 
2. 6cz + 1 c l i n + 7q = lOan + I t r + 6H2O ( l 3 ) 
3. 3cc + 1 c l i n + 7q = 1 an + I t r + 3H2O + 30^2 (14) 
4. 3 c l i n + lOcc + 21q = 3 t r + 2cz + IOCO2 + 8H2O ( l 5 ) 
In order to c a l i b r a t e these reactions f o r T and X , 
thermodynamic dataware used. The method of c a l c u l a t i o n and the 
data used are modified versions (R,Powell , pers,comm.) of those 
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Figure 7.1. 
T-X^g cross-section (see t e x t f o r discussion 
on i t s 2 c o n s t r u c t i o n and use), ^ r e f e r s to 
the pressure (2,4 kb) of the i n v a r i a n t ' p o i n t . 
Bracketed numbers r e f e r to equations i n Chapter 7 
and unbracketed numbers r e f e r to the f i e l d s bounded 
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described in Richardson & P o w f e l l ( 1 9 7 6 ) . The f l u i d composition 
was assumed to be an i d e a l mixture of CO2 and H2O. 
In r e l a t i n g such a model to the r e a l s i t u a t i o n , the f o l l o w i n g 
should be noted: 
( 1 ) Only end-member mineral compositions are considered. 
I n t r o d u c t i o n of a c t i v i t y or m o l e - f f a c t i o n terms was found not to 
a f f e c t g r e a t l y the T-X p a t t e r n or the temperatures of the 
r e a c t i o n s , loQerin"Q_. the T of the I ^ i n v a r i a n t point (Fig.7,1) 
only 10 or 20°C, For the purposes of t h i s discussion, i n which 
Fig.7.1 i s only used to i l l u s t r a t e the e f f e c t and general value 
of X _ , t h i s i s not c r i t i c a l . 
(2) flora important i s the f a c t t h a t variables such as and 
^^2^3 considered, thus Fe-rich epidote and b i o t i t e cannot 
be p l o t t e d i n the C-n-A-S p r o j e c t i o n used, A l b i t e , however, can 
be considered as i n excess ( e i t h e r as pure a l b i t e or as a component' 
i n p l a g i o c l a s e ) , t o g e t h e r w i t h quartz, 
(3) This leads on to another problem; t h a t i s , the f a c t that 
quartz i s not always v i s i b l y i n excess. However, quartz i s 
apparent i n small q u a n t i t i e s i n a number of samples and the mineral 
assemblages i n these samples are generally the same as those i n 
which no quartz was i d e n t i f i e d . Thus, although i t i s not s t r i c t l y 
v a l i d , i n order t o s i m p l i f y the discussion. Fig.7,1 i s constructed 
assuming p r o j e c t i o n from quartz. 
P a r t i c u l a r l y important i n d e f i n i n g the magnitute of X , i s 
LU2 
r e a c t i o n ( 9 ) . By comparison, Storre & Nitsch (1972) show that 
between 500 and 600°C, t h i s r e a c t i o n i s almost v e r t i c a l at X _ = 0.02, 
LU2 
The g e n t l e r slope and higher X _ shown f o r (9) i n Fig.7.1, may be due 
LU2 
t o the n o n - i d e a l i t y of the f l u i d . Thus, the presence of epidote 
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( c l i n o z o i s i t e ) i n greenschist f a c i e s rocks i n d i c a t e s an X r e s t r i c t e d 
L U2 
to q u i t e low values, though, as Fig,7,1 shows, an increase i n pressure 
s h i f t s the i n v a r i a n t p o i n t to higher X . 
LU2 
Reaction (15) i s s i g n i f i c a n t since i t was quoted before 
( ( 9 ) - Section 7:1:?). as a r e a c t i o n d e f i n i n g the A-B t r a n s i t i o n , 
which i s thought to occur a t about 350°C. This agrees reasonably 
w i t h Fig,7,1 when X i s s l i g h t l y greater than zero. I t can also • 
LU2 
be seen th a t c h l o r i t e and c a l c i t e tend not to coexist i n the 
greenschist f a c i e s ( i , e . above r e a c t i o n (15)) i f c l i n o z o i s i t e i s 
s t a b l e . Thus the presence of abundant c h l o r i t e and c a l c i t e i n 
some samples i n B l , B2 and B3 (Table 7,1), i n d i c a t e s a possible 
retrograde r i s e i n X ; that i s , a t r a n s i t i o n from f i e l d 2 to 
LU2 
f i e l d 1 ( F i g , 7 , 1 ) . 
At t h i s stage, i n f i e l d s 1 and 2, although a n o r t h i t e i s 
represented, a l b i t e i s usually the only f e l d s p a r , and'plagioclase 
does not appear u n t i l temperatures l i e above r e a c t i o n (13). Thus, 
(13) i s an analogue f o r t r a n s i t i o n to the amphibolite facies i n 
t h a t amphibole and plagioclase are produced a t the expense of 
c h l o r i t e and epidote. Within f i e l d 3 g e n e r a l l y , the amphibole 
should become hornblendic due to reactions such as quoted i n 
Section 6:2. F i e l d 3 would be analogous to zone 61, though again 
w i t h the retrograde production of c h l o r i t e and c a l c i t e , f o r example 
i n samples 746 and 50756 of the Bonnington complex, i n v o l v i n g 
increased Xp„ and the p a r t i a l t r a n s i t i o n back to f i e l d 2, 
CU2 
F i e l d 5 may be represented i n some 02 samples (Table 7.1) i n 
which epidote i s absent, though i n t h i s case a calcic plagioclase 
would be expected. More probably, epidote i s absent due t o 
whole-rock compositional e f f e c t s or low f i ^ . 
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That epidote i s present to q u i t e high grades i n the zone B volcanics 
suggests t h a t unless X _ was i n i t i a l l y low (less than 0.1 i n 
LU2 
F i g . 7 i l ) , then X _ must have decreased as grade increased, possibly 
LU2 
being buffered by r e a c t i o n ( 1 2 ) . Either way, i f the data of 
Storr;e & Nitsch (1972) on t h i s r e a c t i o n (see above), i s c o r r e c t , 
then X was probably less than 0,01 i n the Bl metavolcanics, and 
LU2 
p o s s i b l y up to 0.03 (see Section 7:1:1) i n zone A. As Harte & 
Graham (1975) show, low X produces c a l c i t e as the sole carbonate 
CO2 
phase. Higher X has the tendency of producing ankerite-bearing 
LU2 
assemblages. That c a l c i t e only i s present i n Rossland volcanics 
i s , t h e r e f o r e , a f u r t h e r i n d i c a t i o n of low X values. 
LU2 
7:2 Causes and t i m i n g of metamorphism 
Wetamorphism of the Rossland volcanics was not a one-stage 
process, but w i t h i n zone B involved two or more stages. Prior 
t o the shearing and f o l d i n g episode, which c o r r e l a t e s with F3 i n 
the adjacent Kootenay arc (Ross, 1970), amphibolization of zone B 
pyroxenes had occurred. The emplacement of plutons i n t o the 
v o l c a n i c s , presumably at q u i t e high l e v e l s - ( P of metamorphism = 
2-3 k b ) , then l o c a l l y caused a contact-metamorphic upgrading of 
the rocks. Later r e t r o g r e s s i v e metamorphism has beenshown to 
occur ,involving i n t r o d u c t i o n of CO2 and H2O i n t o the rocks. 
That the zones A and B are separated by quite a sharp 
temperature g r a d i e n t , while both are tempsrally i d e n t i c a l , also 
shows t h a t the metamorphism was not b u r i a l i n nature. Probably, 
l o c a l i s e d high heat-flow regions developed, heralding the 
emplacement of the l a t e r plutons, which caused the i n i t i a l 
a mphibolization of zone B. Zone A, however, has a l l the 
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c h a r a c t e r i s t i c s associated w i t h b u r i a l metamorphism,and temperatures 
and pressures i n d i c a t e d above are s i m i l a r to those developed during 
the b u r i a l metamorphism of the Karmutsen Group (Kuniyoshi & Liou, 1975). 
However, the P and T of the zone A a l t e r a t i o n i n d i c a t e s a high 
geothermal g r a d i e n t , about 40°C/Km, and thus these rocks were also 
exposed to the high heat-flow attending the i n i t i a t i o n of the 
metamorphic and p l u t o n i c episode. 
7:3 Regional metamorphic s e t t i n g 
Metamorphism of the volcanics occurred post-Lower Durassic 
and before and during the i n t r u s i o n of the Nelson O a t h o l i t h . An 
apparent south to north increase i n grade from prehnite-pumpellyite 
f a c i e s (zone A), through greenschist, to lower amphibolite facies 
(zone B) was imposed. Further north of zone 61 the Ualhalla 
gneiss dome of the Shuswap complex i s encountered, i n which s i l l i m a n i t e -
grade gaeisses occur (Reesor, 1965), This suggests the Rossland 
volcanics were metamorphosed at the same time as the Shuswap complex 
to which a Jurassic age i s generally assigned (Wheeler & Gabriesle, 
1972), This i n t e r p r e t a t i o n aggees with t h a t of Hyndman (1968) f o r 
the Nakusp a r e a ^ f i f t y miles north of Rossland. Here, (?) Rossland 
Group volca;nics, which are metamorphosed to greenschist f a c i e s , grade 
i n t o higher grade•gneisses'of the Shuswap complex. On t h i s basis 
Hyndman assigned a post-Lower Jurassic age to Shuswap metamorphism. 
The south to north increase i n grade established i n the Salmo 
to Nelson area i s also noticed i n the Rossland area by Fyles ( i n prepn.), 
Here, greenschist-metamorphosed Rossland volcanics grade j u s t north 
of T r a i l i n t o garnet-amphibolite f a c i e s meta-sediments ( u n i t A i n Fig. 
1,1), S i m i l a r l y metamorphosed sediments occur j u s t west of sub-
zone 61 ( M u l l i g a n , 195.2) and confirm the degree of metamorphism 
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i n f e r r e d f o r the volcanics. 
The general metamorphic s e t t i n g of the Rossland volcanics 
i s shown i n Fig.7.2 which i s taken from Honger & Hutchinson (1968), 
I t i s c l e a r that the greenschist and amphibolite-facies rocks of 
the Ominica b e l t grade very sharply i n t o very low-grade ( p r e h n i t e -
pumpellyite or z e o l i t e f a c i e s ) rocks i n the Intermontane Be l t , and 
eastwards i n t o v i r t u a l l y unmetamorphosed sediments of the Rocky 
P-lountain B e l t . This i s a r e s u l t of the u p l i f t of the Ominica 
B e l t , f a u l t i n g - j u t isograds on e i t h e r ^ i d e , and causing them to 
d i p e s s e n t i a l l y v e r t i c a l l y at the margins of the Belt. 
I t can be seen t h a t longer & Hutchinson (1968) have placed 
the whole of the l^esozoic Belt i n the prehnite-pumpellyite facies 
( F i g . 7 . 2 ) , while i t i s clear t h a t t h i s i s not so, as shown here, since 
zone B-iies-weM within the greenschist f a c i e s . The 
p r e s e r v a t i o n of the lower-grade (zone A) rocks w i t h i n an e s s e n t i a l l y 
higher"^rade t e r r a i n i s due to s t r u c t u r a l c o n t r o l s ; the 3urassic 
rocks occupying a s t r u c t u r a l depression. The eastern edge of the 
Mesozoic b e l t i s generally a t h r u s t f a u l t (Fig.1,1) which dips east 
and has allowed o l d e r , higher-grade rocks of the Kootenay Arc to be 
juxtaposed w i t h the volcanics. 
In summary, the Rossland volcanics, being the youngest u n i t 
to have suffered a degree of metamopphism i n the area, are generally 
of lower grade than the older rocks i n the Shuswap Complex and 
Kootenay Arc. That they were v a r i a b l y metamorphosed along t h e i r 
s t r i k e , however, i n d i c a t e s t h a t they are not a simple b u r i a l meta-
morphosed sequence o v e r l y i n g an older basement, but were a c t i v e l y 
involved i n a culmination i n v o l v i n g a l l t t e r o c k s of the area, 
which was most probably centred on the Ualhalla gneiss dome. 
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Figure 7.2 
Metamorphic map of the southeastern p a r t of 
the Canadian C o r d i l l e r a ( a f t e r Monger & Hutchinson, 
1971). The Rossland volcanics (RU) l i e w i t h i n the 
area designated 2 by Monger & Hutchinson), 
Key, (f^acies a f t e r Turner, 1958). 
(1) Unmetamorphosed; ( l a ) T r a n s i t i o n a l f a c i e s ( i n 
non-volcanic l i t h o l o g i e s ) to (2) and ( 4 ) , 
(2) Prehnite -Pumpellyite metagreywacke f a c i e s and 
z e o l i t e f a c i e s . Some primary mineral preserved. 
(2a) As 2 but t r a n s i t i o n a l towards ( 3 ) . 
(2b) As 2 but t r a n s i t i o n a l towards ( 4 ) . 
(3) Glaucophane-Lawsonite f a c i e s . Primary 
minerals extremely r a r e . 
(4) Greenschist f a c i e s . Primary minerals extremely 
r a r e , 
(5) Amphibolite f a c i e s . Appearance of ' r e g i o n a l ' 
garnet, 
(6) G r a n i t i c . 
255 
gmlpops 
Metamorphic map of part of the Canadian 
Cordillera (Monger & Hutchinson,1971) 
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CHAPTER 8 
OXYGEN ISOTOPE GEOCHEMISTRY OF THE ROSSLAND 
UOLCANIC ROCKS 
8:1 I n t r o d u c t i o n 
Oxygen isotope r a t i o s , while r e l a t i v e l y i n s e n s i t i v e i n d i c a t o r s a t 
the high temperatures of igneous processes, are useful when dealing 
w i t h metamorphic or lower-grade hydrothermal a l t e r a t i o n of rocks. 
I n an i d e a l s i t u a t i o n , i n f o r m a t i o n can be obtained from i s o t o p i c data 
on the temperatures of the hydrothermal a l t e r a t i o n ; the presence or 
absence of e q u i l i b r i u m between minerals; the i s o t o p i c character and 
hence the o r i g i n of the f l u i d i n v o lved; and the r e l a t i v e abundances of 
f l u i d compared to rock. Not a l l of these necessarily can be determined 
from the i s o t o p i c data alone, but where a v a r i a b l e , say temperature, i s 
known from other l i n e s of evidence, then the presence or absence of 
i s o t o p i c e q u i l i b r i u m between the c o n s t i t u e n t minerals of a rock can be 
assessed. 
I t i s l i k e l y , t h e r e f o r e , t h a t the oxygen isotope data reported 
here can add in f o r m a t i o n as to the nature of the metamorphic processes 
a f f e c t i n g the volcanics, a d d i t i o n a l to t h a t deduced from more conventional 
m i n e r a l o g i c a l data described i n e a r l i e r chapters, 
18 16 
the method of analysis f o r 0/ 0 r a t i o s i s described i n 
Appendix 4, A l l analyses are reported i n the usual 'del' n o t a t i o n , 
w i t h Standard Mean Ocean Water (SMOW) as a standard (Craig, 1961): 
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Figure 8,1 
— a . 18 
Mineral - H2O f r a c t i o n a t i o n s ( A = S 0^ 
S^^^u n m i l l e ) . Taken from Taylor (1974), H2O 
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18 18 Thus, S 0 represents the 'per m i l l e * d i f f e r e n c e i n 0 between 
the sample (Q) and SMOW. 
I f the f r a c t i o n a t i o n of 0/ 0 between two phases A and B 
i s defined as 
^A-B ^V ' \ (2) 
18 
then a u s e f u l s i m p l i f i c B t i o n a r i s e s f r o m the S> 0 d e f i n i t i o n : 
That i s , "X shows a temperature dependance o f i h e s o r t 
1000 In o< = A/T^ + B (3) 
( c f . Clayton, 1963) and since c< i s usually uery close to 1.00: 
1000 In o< ^ - S A (A , B ) (4) 
F i g . 8.1 shows t h i s temperature dependance (equations 3 
and 4) f o r various mineral-water .fractionations (from Taylor, 1974). 
Thus, i n an i d e a l situatiomariy mineral pair can be c a l i b r a t e d f o r 
temperature, from data on n a t u r a l l y occurring minerals, given two 
r e l i a b l e and accurate l a b o r a t o r y c a l i b r a t i o n s of mineral -
f r a c t i o n a t i o n s w i t h temperature. That i s : 
A(A,B) = A(A,H20) - A(B, H^ O) (5) 
Bottinga and 3auoy (1975), using t h i s type of approach, have 
compiled various equations f o r commonly occurring minerals, and 
these are used i n the discussion below. 
8:2 Discussion of r e s u l t s 
8:2:1 liihole-rock data 
Before the s i g n i f i c a n c e of these data can be discussed, i t 
18 
i s necessary t o define the o r i g i n a l S 0 of the lavas. I t i s 
found t h a t worldwide, basic e x t r u s i v e rocks have a very l i m i t e d 
18 
range-of i s o t o p i c composition, S D between 5.0 and 7.0 per m i l l e 
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(Anderson et a l , , 1971; Taylor, 1968), Fresh ocean-floor 
basalts are euen more r e s t r i c t e d i n composition, varying between 
5.5 and 5.9 (Muehlenbachs and Clayton, 1972a). Exceptions to 
18 
t h i s g e n e r a l i z a t i o n do occur, r a r e l y , f o r example low - 0 lauas 
from Iceland, described by Muehlenbachs et a l . (1974 ) . Compared 
to these 'primary' values i t i s clear that the Rossland samples are 
18 
a l l considerably enriched i n 0. That they did not o r i g i n a l l y 
haue these anomalous values, i s shown by the pyroxene analyses i n 
Table 8.1. At igneous e x t r u s i v e temperatures the various i n t e r -
mineral f r a c t i o n a t i o n s are low, as would be expected from inspection 
of equation 3 above. From the data reported by Anderson et a l . 
18 
(1971) the 5 0 of pyroxene i s w i t h i n 1 per m i l l e of the whole-
18 
rock value. Thus,the o r i g i n a l Rossland lavas had 8 0 w i t h i n 
the normal range of 5.0 to 7.0. That r e l i c t pyroxenes maintain 
18 16 
t h e i r igneous 0/ 0 r a t i o s i s also shown by the data of 
18 
Muehlenbachs & Clayton (1972b) f o r 0 depleted oceanic green-
stones. At some stage, then,both zone A and zone B rocks have 
18 
exchanged 0 wi t h an e x t e r n a l r e s e r v o i r of oxygen, most 
probably i n the form of a pervasive hydrothermal f l u i d . The 
18 
stage when t h i s 0 enrichment took place i n the h i s t o r y of the 
vo l c a n i c s , i s d i f f i c u l t to assess. I t was commented upon i n 
Chapter 5 that the volcanics are l i k e l y to have been through 
more than one period of a l t e r a t i o n . One p o s s i b i l i t y i s tha t 
18 
both zone A and B rocks were enriched i n 0 by an e a r l y , low-T 
c 18 
submarine or subraerial weathering. In t h i s case the 0 0 of 
the water involved i s l i k e l y to be less than 0.00 (SMOW), since 
18 
nearly a l l meteoric waters have negative S 0 (Craig, 1961), but 
the large p o s i t i v e mineral - H^ O f r a c t i o n a t i o n s of the d e r i v a t i v e 
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TABLE 8.1 
liJHOLE'-ROCK AND MINERAL " ^ ^ o / ^ O DATA (REPORTED AS 
^^^0 °/oo -RELATH/E TO SnOlij) 
Zone A analyses 
Sample Cpx. Plag. n g t . Cal. kl.R. 
4051 4.8 5,0 10.3 
4054 5.8 14.1 10.7 
4056 6.5 11.3 5.2 10.1 
4070 13.7 
5010 10.4 
5033 13.4 11.6 
5036 13.6 10.2 
Zone B analyses 
Sample Amph. Plag. mgt . Ep. Cal. W.R. 
5516B 3.6 9.0 
5516C 9.4 4.5 8.8 13.1 
5529A 9.5 11.6 7.6 11.6 
4040 8.6 10.5 8.7 
4062 8.7 10.8 9.0 
4044 7.8 
5111A 9.5 
5116 13.2 7.9 
5120 9.8 
* Minor quartz contamination. 
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clay minerals (Savin & Epstein, 1970a) at low temperatures, push 
18 
the whole-rocks to higher S 0 than the normal 5.7 ( c f . 
Muehlenbachs, 1976). I f , subsequent to t h i s early enrichment, 
the rocks acted as a closed system, then although new minerals 
would have c r y s t a l l i z e d they w i l l i n t e r n a l l y adjust about the 
whole-rock value which i t s e l f would not change. In t h i s case, 
i t would not be expected t h a t there would be an average dif f e r e n c e 
i n whole-rock values between zones A and B. From Table 8.1, 
however, i t i s clear t h a t zone A rocks are enriched compared to 
zone B by about 1.5 per m i l l e . This suggests that the d i f f e r e n c e 
18 16 
i n 0/ 0 i s due to the d i f f e r e n t grade of metamorphism a t t a i n e d . 
That i s , up to the grade of metamorphism now preserved i n the rocks, 
18 
0 was f r e e l y exchanged with a s u b s t a n t i a l volume of water. The 
18 
lower values of whole-rock S 0 i n zone B, t h e r e f o r e , i s a f u n c t i o n 
of the higher temperatures of t h i s zone, and the lower mineral - H^ O 
f r a c t i o n a t i o n s , 
18 
S i m i l a r observations of decreasing whole-rock <5 0 with 
grade, have been reported i n other regi o n a l metamorphic t e r r a i n s 
(e.g. Garlick & Epstein, 1967; Black, 1974). On the other hand, 
Anderson (1967) reports very l i m i t e d i s o t o p i c exchange in some 
metamorphosed iroeks, suggesting-'thax i n other' si±ua--tians a 
pervasive f l u i d phase was not a v a i l a b l e . 
I m p l i c i t i n the argument above i s that the temperature at 
18 
which the rocks exchanged 0 i s t h a t , more or less, at which they 
were metamorphosed, and as deduced i n Chapters 6 and 7. In 
North-Central B r i t i s h Columbia, Takla volcanic rocks east of 
the Pinchi f a u l t are enriched s i m i l a r l y to the Rossland volcanics 
(Nagaritz & Taylor, 1976). However, west of the Pinchi f a u l t , s i m i l a r 261 
rocks are generally lower i n S^^O (5-10 per m i l l e ) . Magaritz & 
Taylor ( o p . c i t ) ascribe t h i s to the f a c t t h a t the eastern rocks were 
a l t e r e d ( s i L i c i f i e d , a l b i t i s e d and c h l o r i t i s e d ) at lower temperatures 
(^100°C) with v a r i a b l e amounts of low-''"^ 0 water, whereas the 
western rocks were a l t e r e d at higher temperatures with s i m i l a r 
water. The argument put f o r t h below i n more d e t a i l , contrary to 
t h a t by Hargaritz & Taylor (op.cit,) f o r the Takla rocks, i s that 
18 
s i m i l a r degrees of enrichment i n 0 can be obtained at higher 
IB 
temperatures (greenschist f a c i e s ) but w i t h 0 - r i c h water, and as 
exemplified by the Rossland rocks. 
8:2:2 Mineral data 
Mineral separate analyses are shown i n Table 8.1. Apart 
from pyroxene, the three analyses of which compare with pyroxenes 
18 
i n fresh e x t r u s i v e rocks, a l l the other phases show evidence of 0 
exchange during a l t e r a t i o n . 
Plagioclase i n zone A (sample 4056) shows a 4.8 per m i l l e 
enrichment r e l a t i v e to pyroxene ,which i s f a r too high f o r e q u i l i b r i u m 
a t igneous-extrusive temperatures. The status of magnetite i n zone A 
i s less c e r t a i n . In 4051 the negative pyroxene-magnetite 
18 
f r a c t i o n a t i o n suggests the magnetite has exchanged 0, since 
pyroxene-magnetite f r a c t i o n a t i o n s i n fresh extrusive rocks are 
18 
p o s i t i v e , with ^ 0 of magnetite usually f a l l i n g below 4.5 per 
m i l l e (Anderson et a l . , 1971). This i s somewhat unusual since 
zone A magnetites are 'igneous' i n terms of t h e i r major element 
18 
composition. I t i s possible t h a t 0 d i f f u s i o n has occurred 
through the magnetite due t o the presence of H 2 O . Calculations 
by Bottinga& Davoy (1975) show t h a t wet magnetite may t h e o r e t i c a l l y 
18 0 exchange 0 down to about 550 C f o r grain sizes of 1 mm. 
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Zone A c a l c i t e i s apparently q u i t e constant i n composition 
and tends to i n d i c a t e t h a t i t has e q u i l i b r a t e d with a r e g i o n a l l y 
present, and compositionally constant hydrous f l u i d , as i n f e r r e d 
i n 8:2:1. In Chapter 7, zone A temperatures were estimated to be 
of the order 250-300°C, and also t h a t the C O 2 / H 2 O molecular r a t i o 
was low; then, to a f i r s t approximation the f l u i d can be considered 
to be H^ O only. From the data of O'Neil et a l . (1968), and also 
from Fig.8.1, the composition of the water i n e q u i l i b r i u m with 
c a l c i t e of ^13,5 per m i l l e , i s about 7.5 per m i l l e . Thus, the 
water involved i s not p r i s t i n e meteoric water, or sea water. 
Within zone B a l l the minerals are demonstrably secondary i n 
18 
o r i g i n and thus during t h e i r formation w i l l have i n h e r i t e d 0 
18 
^-according to the T and S 0 of the oxygen r e s e r v o i r , be i t water 
or rock. Inspection of Table 8,1 shows the order of enrichment i n 
IB 
0 t o be: c a l c i t e , p l a g i o c l a s e , amphibole, epidote, magnetite. 
Consideration of data compiled by Garlick & Epstein (1967) and 
Bottinga& Davoy (1975) i n d i e a t e s t h i s i s the expected e q u i l i b r i u m 
order of enrichment. Some idea of the temperature of e q u i l i b r i u m 
may be obtainable,therefore,using published i s o t o p i c geothermometers• 
Unfortunately, the lack of quartz i n the rocks prevents use 
of the quartz-magnetite geothermometer, as used, f o r example, by 
Schwarz e t a l . (1970) and Black (1974). This mineral pair shows 
the greates^t f r a c t i o n a t i o n of any two commonly occurring minerals, 
and i s thus p o t e n t i a l l y the most s e n s i t i v e i n d i c a t o r of temperature. 
From the compilation of mineral-mineral fractionations'by Bottinga & 
& Davoy (1975) the f o l l o w i n g data, r e l a t i n g to amphibole (A), 
fel d s p a r ( F ) and magnetite (l^A), can be used. 
263 
A (A, MA) = 0.3 + 2.422 x 10^ x T"^ (6) 
A (F,A) = -0.3 + (2.178 - 1.04b) x 10^ x T~^ (7) 
A(F,MA) = (4.6 - 1.046) x 10^ x T"^ (8) 
In these equations^ b i s the mole per cent of a n o r t h i t e i n 
plagioclase ( F ) . The f o l l o w i n g r e s u l t s can be obtained from 
equations 6, 7 and 8 and the data of Table 8.1: 
Sample Mineral-Mineral A i!c 
5516C A - MA 4.9 • 452 
5529A F - A 2.1 668 (531) 
4040 F - A 1.9 673 (567) 
4062 F - A 2.1 632 (531) 
Average F - MA 6.9 524 (486) 
temperatures are not concordant and apart from 5516C are 
u n r e a l i s t i c a l l y high. Paradoxically, i f instead of the actual 
plagioclase compositions, An^^ i s used, then the bracketed 
fau 
temperatures are derived, which are more reasonable. Possibly, 
18 18 
fel d s p a r has exchanged 0 wi t h low- 0 water to lower temperatures 
than amphibole or magnetite. This e f f e c t also i s apparent i n the 
Takla rocks where i n one sample analysed by Magaritz & Taylor (1976) 
there i s f e l d s p a r - a c t i n o l i t e f r a c t i o n a t i o n of 2.1 per m i l l e , which 
im p l i e s a much higher temperature than was ever a t t a i n e d i n these 
rocks. Discordant temperatures are q u i t e common i n metamorphic 
rocks,though, and are a t t r i b u t e d by Bottinga & Davoy (1975) to 
retrograde exchanges and grai n - s i z e d i f f u s i o n e f f e e t s . Also, l i t t l e 
18 
i s known about ^ 0 v a r i a t i o n i n compositionally complex minerals 
such as amphibole where, l i k e the plagioclases, Al can s u b s t i t u t e 
g r e a t l y f o r S i . 
Despite the somewhat anomalous temperatures calculated above, 
the minerals amphibole, feldspar and magnetite, together with epidote, 
26Z. 
18 
are probably not f a r removed from t h e i r e q u i l i b r i u m S 0 values 
and some estimate of H^ O composition can be made. Inspection of the 
data presented by Garlick & Epstein (l967)--show5 that • 
18 
hornblende generally has a S 0 value between th a t of c h l o r i t e 
and muscovite, and as shown, below that of sodic plagioclase. 
From Fig.8.1, t h e r e f o r e , at 400°C the e q u i l i b r i u m water i s about 
18 
2 per m i l l e less than the S 0 of hornblende. (Magnetite, at 
400°C, i s about 6 per m i l l e depleted r e l a t i v e to (Fig.8.1). 
Thus, a f l u i d composition of between 7 and 10 per m i l l e i s 
i n d i c a t e d . This agrees w i t h t h a t deduced above as c o e x i s t i n g with 
zone A c a l c i t e . Zone B c a l c i t e from Fig,8,1 also in d i c a t e s a 
18 
f l u i d H^ O of <S 0 equal to about 9 per m i l l e . In f a c t , c a l c i t e 
18 
, does not appear to have exchanged 0 to s i g n i f i c a n t l y lower 
temperatures than the other minerals, as i t i s prone to do. 
Schwarz et a l . (1970) and Black (1974) record anomalous quartz-
c a l c i t e temperatures t h a t they a t t r i b u t e to retrograde exchange by 
c a l c i t e . Above about 500°C, g u a r t z - c a l c i t e f r a c t i o n a t i o n s do not 
'remember' temperatures of e q u i l i b r i u m (Schwarz et a l . , 1970). 
18 
Data on epidote are l i m i t e d . I f the 6 0 of the H^O i s about 
9 per m i l l e then A(EP> H 2 O ) i s s l i g h t l y less than, or near to zero 
f o r a temperature of 400°C. An epidote-H20 f r a c t i o n a t i o n of zero 
f o r 300°C (K.Ruehlenbachs, pers. comm.) i s thus reasonable. An 
epidote analysed by nuehlenbachs & Clayton (1972b) has a value of 
18 
2.6, and t h i s demonstrably e q u i l i b r a t e d with seawater { S 0 = 0«0) 
at 200-300°C. Thus, the epidotes anaLysed' here are more or less i n 
e q u i l i b r i u m withthie other minerals and the pervasive f l u i d . 
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8:3 Discussion and conclusions 
I t has been shown t h a t the o r i g i n a l Rossland lavas had 'normal' 
18 
<S 0 values of around 5-7 per m i l l e , and t h a t the volcanics were 
18 
subsequently enriched i n 0 during hydrothermal a l t e r a t i o n . 
The f i r s t conclusion from t h i s i s t h a t r e l a t i v e l y p r i s t i n e 
18 
meteoric water was not i n v o l v e d , as i s the case i n the 0-depleted 
rocks adjacent to the epizonal plutons of the Scottish T e r t i a r y 
d i s t r i c t (e.g. Forester & Taylor, 1977). In those environments, 
IB 
permeable, f l a t - l y i n g country rocks exchanged 0 with c i r c u l a t i n g 
18 
meteoric water of low 0 content, up to f i v e miles from the 
i n t r u s i v e contact. Samples 4062 and 4040, c o l l e c t e d from w i t h i n 
590 - 700 m of a Nelson B a t h o l i t h contact, show no sign of a 
18 
s i g n i f i c a n t decrease of S 0 compared to other zone B, or zone A, 
samples. The s i t u a t i o n i n the Rossland area i s analogous, therefore, 
:t"o •) the contact metamorphic e f f e c t s documented by Shieh & Taylor 
(1969) f o r deeper l e v e l plutons than those i n the Scottish Hebrides. 
18 
Here, 0 exchange due to l o c a l i s e d upward and pluton-ward movement 
of i s restrictedtoazone only a few f e e t from the contact. The 
Rossland volcanics have been e s s e n t i a l l y unaltered, i s o t o p i c a l l y , by 
18 
contact metamorphism but have retained 0 values imprinted during 
the e a r l i e r r e g i o n a l metamorphism. 
18 
The decrease of whole-rock S 0 w i t h increase i n grade noted 
here, and recognised as a f a i r l y general f e a t u r e of r e g i o n a l l y 
metamorphosed rocks (Shieh & Taylor, 1969), i n d i c a t e s exchange of 
1 R 
0 w i t h a s u b s t a n t i a l amount of water. This does not imply that 
abundant water was available at any stage, but t h a t small amounts of 
f l u i d c o n t i n u a l l y percolated through the rocks. The o r i g i n of the 
water i s problematic, since p r i s t i n e meteoric water ( < 0 per m i l l e ) 266 
i s r u l e d out by the mineral data. However, i n geothermal areas 
18 
meteoric water can be shown to have undergone a positive " O-shift' 
18 
due to r e a c t i o n over time w i t h O-rich sediments at elevated 
18 
temperatures. An 0 - s h i f t i s invoked by Plagaritz & Taylor (1977) 
18 
to e x p l a i n the high 0 values of rocks i n n o r t h - c e n t r a l B r i t i s h 
Columbia. However, even at 300°C i n rocks both east and west of 
the P inchi f a u l t , , Magaritz & Taylor ( o p . c i t ) envisage the modified 
H 2 O as having a composition of about 0.0 per m i l l e , modified from an 
o r i g i n a l (meteoric) composition of -16 per m i l l e . The waters i n 
e q u i l i b r i u m with the Rossland volcanics are i n f e r r e d to be 8 - 10 
per m i l l e , which i s somewhat higher. This could also be meteoric 
18 
water t h a t has undergone an extreme 0 - s h i f t , due to prolonged 
18 
contact w i t h O-rich s i l i c a t e s and carbonates. This value of 8 -
10 i s comparable w i t h 'metamorphic' water (see Taylor, 1974) whose 
composition i s c a l c u l a t e d from mineral data. Metamorphic water has 
never been d i r e c t l y c o l l e c t e d , though Uhite et a l . ( l 9 7 l ) have 
18 
documented unusual O-rich waters t h a t may ha,ve such a metamorphic 
18 
component. Thus, another o r i g i n f o r the O-rich water could be 
upward p e r c o l a t i n g 'metamorphic' water t h a t i s released by prograde, 
dehydration r e a c t i o n s . During dehydration reactionswater/rock 
volume r a t i o s are low,and the H 2 O composition w i l l be l a r g e l y 
c o n t r o l l e d by the r e s e r v o i r of oxygen bound i n the rock. Thus, 
18 
water produced by dehydration of O-rich sediments, by progressive 
18 
b u r i a l and temperature increase, would i t s e l f be O-rich. I f an 
18 
average shale has a S 0 of 20 per m i l l e (Savin & Epstein, 1970b), 
then t a k i n g muscovite - H 2 0 (Fig,8.1) as a crude model of rock - H 2 O 
0 18 f r a c t i o n a t i o n , at about 200 C the required S 0 H 2 O of ^10 per 
m i l l e i s obtained. I t i s s i g n i f i c a n t t h a t H 2 O i n coexistence with 
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burial-metamorphosed members of the Belt ( P u r c e l l ) supergroup has 
18 
a c a l c u l a t e d 8 0 of 7 to 11 per m i l l e (Eslinger & Epstein, 1973). 
Since the Rossland volcanics o v e r l i e and are now closely r e l a t e d to 
a large mass of eugeosynclinal and miogeoclinal sediments (Chapter 2 ) , 
i t i s possible they were metamorphosed i n the presence of H 2 O released 
d u r i n g the dehydration of these rocks, and which 'was c o n t i n u a l l y 
p e r c o l a t i n g upwards. The o r i g i n a l water, then, e i t h e r incorporated 
i n pores of sediments or bound i n clay minerals, may have been 
s u b s t a n t i a l l y marine. 
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CHAPTER 9 
GEOLOGIC HISTORY OF THE R0S5LAN0 l/OLCAMICS : 
SUMMARY AND CONCLUSIONS 
9:1 l/olcano-tectonic h i s t o r y 
In Section 5:4:2 i t was shown t h a t there i s an analogy 
between the Rossland volcanics and the rather more unusual or 
r a r e r v a r i e t i e s of modern is l a n d - a r c volcanics, exemplified by 
the New Hebrides and New Georgia ankaramitic associations, and 
possibly the a l k a l i c or shoshonitic rocks of Grenada, East PapWa 
and F i j i . I t was f u r t h e r suggested that s i m i l a r rocks to those 
found i n the Nelson-Rossland area also characterize the Nicola-
Takla Belt volcanics'of B r i t i s h Columbia. 
The modern analogies r e f e r r e d to generally form as the 
late-stag e products of t h e i r respective arcs, or occur d i s t a l to 
the t r e n c h , Grenada i s one exception occurring e q u i d i s t a n t to the 
tre n c h , and contemporaneous w i t h more 'normal' volcanics (Brown 
et a l . , 1977). De L^ong et a l . (1975) have suggested t h a t l o c a l i s e d 
t e c t o n i c anomalies are causal to these a l k a l i c - t r e n d i n g arc volcanics. 
They suggest the presence of a gash or f a u l t i n the subducted ocean 
crust, or proximity to the edge of the subducted p l a t e , where hinge 
f a u l t i n g occurs, are possible mechanisms or causes. However, other 
f a c t o r s may be e f f e c t i v e . P a r t i c u l a r l y , i n the cases of the New 
Georgia and New Hebrides, unusual subduction-zone configurations are 
apparent. In the former case, M i t c h e l l & Warden (1971) have shown 
t h a t the p o l a r i t y of the arc has probably changed, w i t h the sub^uction 
trench switching from one side of the arc to the other. In the 
l a t t e r case, Cox & B e l l (1972) note t h a t the occurrence of a near-
v e r t i c a l subduction may have been e f f e c t i v e p e t r o g e n e t i c a l l y . 
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C e r t a i n l y , the Rossland volcanics do characterize the l a t t e r 
stages of the Nicola-Takla arc and also occur, r e l a t i v e to the 
Nicola Group, towards a 'back-arc' s e t t i n g . As Douglas et a l . 
(1970) note, they appear to be r e l a t e d to the f l e x u r e between a 
subsiding basin (back-arc) and a r i s i n g b e l t to the west, which 
i s now the Shuswap Complex (Fig.9.1). 
However, the s i t u a t i o n i s not t h i s simple since i t was 
suggested above t h a t the Rossland volcanics are s i m i l a r to the main 
arc rocks of the Nicola-Takla b e l t . So what processes produced 
the Rossland volcanics probably operated the length of the arc, 
•J 
and thus l o c a l i s e d subduction of f a u l t s , or hinge f a u l t i n g cannot 
r e a l l y be invoked as an explanation. I t i s i n t e r e s t i n g t h a t the 
l a t e Hesozoic arc i n S.E. Alaska, to which the Bridget Cove 
ankaramites belong, i s also anomalous by presenib-day standards, and 
i s comparable, as I r v i n e (1974) notes, to the Nicola-Takla b e l t . 
Possibly, t h e r e f o r e , the complex t e c t o n i c h i s t o r y of Western 
Canada - t h a t of continued oceanward stepping of subduction zones with 
s u t u r i n g events -has produced t h i s s i t u a t i o n . In the Nicola-Takla 
case, i t may be s i g n i f i c a n t t h a t p r i o r to the arc's i n i t i a t i o n ^ 
subduction s h i f t e d from the Pinchi f a u l t to the Fraser-Yalakom 
f a u l t zone. This s h i f t , i n c i d e n t a l l y , may have been i n response to 
an e a r l y r i f t i n g phase of the North Atlantic,pushing the North 
American craton westwards and thus sealing off the old subduction 
zone ( c f . Monger et a l . , 1972). 
I n the Lower Durassic the r e l a t i v e u n i f o r m i t y of magmatism 
along the length of the C o r d i l l e r a was d i s r u p t e d , and an apparent 
gradation was imposed, i n terms of magma type and i n t e n s i t y of 
volcanism. To the nort h . Upper T r i a s s i c Takla rocks were ove r l a i n 
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by more evolved a n d e s i t i c / d a c i t i c v a r i e t i e s . A l o c a l i s e d back-
arc basin i n rtorth-central B r i t i s h Columbia (see Fig.5,6) allowed 
the persistence of more basic, a l k a l i c magmas. In Southern 
B r i t i s h Columbia t h i s s i t u a t i o n d i d not occur and volcanism was 
less intense. Andesitic or d a c i t i c volcanics, comparable to the 
Hazelton rocks, do not succeed the Nicola rocks. Rather,a s i m i l a r 
form of volcanism and magmatism to t h a t c h a r a c t e r i z i n g the Upper 
T r i a s s i c , p e rsisted i n the Rossland and Quesnel troughs u n t i l l a t e 
Lower Durassic, 
These changes must r e f l e c t the complex tectonics of t h i s 
p eriod (Chapter 2) i n t h a t s u t u r i n g was occurring i n the south and 
the Fraser-Yalakom subduction zone was becoming less a c t i v e . Further 
n o r t h , subduction continued along a s i m i l a r l i n e to t h a t of the 
Upper T r i a s s i c , That the focus of magmatism i n the south of 
B r i t i s h Columbia s h i f t e d eastwards (from the Nicola to the Rossland 
area) may be a manifestation of the growth of the arc-trench gap 
w i t h time (Dickinson, 1974), A l t e r n a t i v e l y , as was suggested 
above, westward movement of the American craton i n response to early 
r i f t i n g i n the North A t l a n t i c may be responsible. However, t h i s 
l a s t process was probably not great i n s i g n i f i c a n c e since arc-
trench gap sedimentation was continuing uninterrupted west of the 
arc (Anderson, 1976). 
A f u r t h e r i n f l u e n c e on the nature and s e t t i n g of the 
Rossland volcanics i s the exteit of the Archaean craton. In Chapter 2 
i t was shown t h a t i t s westward extent i n Southern B r i t i s h Columbia 
i s not w e l l known. From the geochemistry of the volcanics, 
however, there i s no evidence of c r a t o n i c i n f l u e n c e , the arc to 
which the Rossland volcanics belong probably being ..bui l t on the 
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t h i n end of the wedge of miogeoclinal sediments, and thus u l t i m a t e l y 
over oceanic c r u s t , a l b e i t modified. The s i m i l a r chemistry of the 
Nicola rocks, which were almost c e r t a i n l y b u i l t on Cache Creek 
oceanic assemblages (see Fig,2 of Monger et a l . . 1972), confirms 
t h i s . Permo-Carboniferous rocks s i m i l a r to the Cache Creek 
assemblage are traceable (see Fig . 2.4) through the Southern 
Shuswap complex as f a r as the Mt.Roberts succession. 
The 'Rossland Break' has been mentioned above (Chapter 3) 
as possibly being a s i g n i f i c a n t boundary between the Rossland/ 
Lardeau trough to the east, i n which the bulk of the v o l c a n i c l a s t i c 
succession accumulated, and the p o s i t i v e area to the west now 
und e r l a i n by Cache Creek and Shuswap assemblages. This f a u l t 
zone, along which s e r p e n t i n i t e s are emplaced, could therefore 
represent a l i n e of weakness along which Rossland magmas were 
focussed. There i s also the p o s s i b i l i t y t h a t the Rossland Break 
i s a southward c o n t i n u a t i o n of the P i n c h i - f a u l t suture zone and 
thus represents the s i t e of subduction causal to the Late Palaeozoic, 
Ominica Belt volcanic-arc, l o c a l l y represented by the Kaslo volcanics 
(Chapter 2 ) . I f t h i s i s the case, c o n t i n e n t a l crust of Archaean 
age cannot p l a u s i b l y extend f u r t h e r west than the Rossland area. 
This idea of the Rossland volcanics r e l a t i n g to the old Pinchi 
fault-Rossland Break suture also f i t s i n w i t h the observed 
s i m i l a r i t y , i n age, chemistry and l i t h o l o g y , with the Quesnel 
trough volcanics described by Campbell & Tipper (1971), 
F i g . 9.1, taken from Douglas et a l . (1970), shows several 
schematic sections through the C o r d i l l e r a f o r the ea r l y Mesozoic. 
The back-arc s e t t i n g of the Rossland volcanics (9.1B) and the 
Quesnel trough (9.1b) i s es/ident w i t h , i n both cases, seemingly 
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F i g u r e 9.1 
Schematic c r o s s s e c t i o n s t h r o u g h t h e Canadian 
C o r d i l l e r a i n the e a r l y Flesozoico RB i s the 
p o s i t i o n of the Rossland Break and SZ t h e p o s i t i o n 
of the t r e n c h where e a s t d i p p i n g s u b d u c t i o n was 
b e l i e v e d t o be t a k i n g p l a c e up t o the Pliddle 
J u r a s s i c (see t e x t f o r d i s c u s s i o n ) . 
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emergent l a n d t o the west. However, i t i s envisaged here t h a t 
t h e s e emergent ai?eas may have been the a c t u a l l o c i of the a r c 
v o l c a n i c s ; n o t as shown, s i n c e what i s preserved i n the t r o u g h s 
a r e , i n h i g h p r o p o r t i o n , v o l c a n i c l a s t i c d e b r i s (Chapter 3 ) , The 
p o s i t i o n of the Rossland Break i s i n d i c a t e d by 'RB' i n F i g . Q . l e . 
Another d i f f e r e n c e between the s e c t i o n s i n F i g . 9 . 1 and what i s 
env i s a g e d here i s t h a t a s u b d u c t i o n zone was o p e r a t i v e , l o c a t e d 
near 'SZ'. 
I n Chapter 5 i t was proposed t h a t t h e Rossland magmas are 
m a n t l e - d e r i v e d and i t seems l i k e l y t h a t t h i s i s the case g e n e r a l l y 
f o r the N i c o l a - T a k l a a r c , i n view o f the ba s i c n a t u r e of the v o l c a n i c 
p r o d u c t s . The p a r e n t a l p a r t i a l m e l t s are th o u g h t t o have been 
p i c r i t i c and f r a c t i o n a t e d o l i v i n e on a s c e n t , g i v i n g r i s e t o a s e r i e s 
o f a a g i t e - r i c h or a n k a r a m i t i c b a s a l t s . C r u s t a l l e v e l f r a c t i o n a t i o n , 
of an o x i d i s i n g and hydrous n a t u r e , r e s u l t e d i n the f r a c t i o n a t i o n of 
c l i n o p y r o x e n e , s p i n e l ( m a g n e t i t e ) , amphibole and p l a g i o c l a s e t o g i v e 
r i s e t o a s e r i e s of low-TiO^ b a s a l t s and a n d e s i t e s c h a r a c t e r i s t i c o f 
i s l a n d - a r c s . I t was a l s o suggested t h a t t h e h i g h c o n c e n t r a t i o n of 
erlements such as K, Rb and Ba i s a r e s u l t of t h e i r enrichment 
i n t h e source mantle by hydrous f l u i d s , p o s s i b l y d e r i v e d from the 
s u b d u c t i o n zone. I t .is t h o u g h t t h a t : p a r t i a l m elts d e r i v e d from the 
subducted s l a b had l i t t l e i n f l u e n c e on the p e t r o g e n e s i s of the 
magmas. P o s s i b l y t h i s i s one reason why t h e r e i s a l a c k o f h i g h l y 
e v o l v e d magmas i n the N i c o l a - T a k l a B e l t g e n e r a l l y . 
.9:2 Hetamorphic h i s t o r y 
F o l l o w i n g t he e r u p t i o n and d e p o s i t i o n o f the v o l c a n i c s , i n 
q u i t e r a p i d s u c c e s s i o n , they were metamorphosed, l o c a l l y up t o 
l o w e r a m p h i b o l i t e f a c i e s . As shown i n Chapters 2 and 3, u p l i f t 
i n the Southern Ominica B e l t s t a r t e d around the Widdle Durassic 
i n response t o accompanying p l u t o n i s m , d e f o r m a t i o n and metamorphism. 
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The v o l c a n i c s were demonstrably metamorphosed a t r e l a t i v e l y 
low p r e s s u r e s , as would be expected from the time c o n s i d e r a t i o n s , 
and t h e y a l s o e x h i b i t a v a r i a t i o n i n grade a l o n g s t r i k e , i n d i c a t i n g t h a t 
l o c a l i s e d hot s p o t s were r e s p o n s i b l e . I t i s t h o u g h t the s o u t h t o 
n o r t h i n c r e a s e i n grade from p r e h n i t e - p u m p e l l y i t e f a c i e s t o lower 
a m p h i b o l i t e f a c i e s i s r e l a t e d t o t h e metamorphic c u l m i n a t i o n c e n t r e d 
on t h e U a l h a l l a g n e i s s dome,north of the area of the Rossland v o l c a n i c s . 
T h i s metamorphic h o t s p o t a l s o r e p r e s e n t e d the f o c u s f o r the 
Nelson B a t h o l i t h which g e n e r a l l y i n t r u d e s the n o r t h e r n h a l f (zone B) 
o f t h e v o l c a n i c s t o a g r e a t e r e x t e n t than the s o u t h e r n (zone A ) . 
P r i o r t o t h e i n t r u s i o n of the b u l k of the Nelson B a t h o l i t h , f o l d i n g 
o f the v o l c a n i c s about n o r t h - s o u t h axes and l o c a l i s e d s h e a r i n g had 
o c c u r r e d , which i n t u r n succeeded an e a r l y phase of g r e e n s c h i s t 
metamorphism. Thus, a l t h o u g h the Nelson r o c k s cause l o c a l c o n t a c t 
metamorphism, they are n o t d i r e c t l y r e s p o n s i b l e f o r the ' r e g i o n a l ' 
metamorphism of the v o l c a n i c s . The S i l v e r King Porphyry body 
shares v a r i o u s s h e a r i n g s t r u c t u r e s w i t h tilB v o l c a n i c s , and t h i s body 
p r o b a b l y was r e l a t e d t o t h e e a r l i e r stages of the metamorphic 
e p i s o d e . 
From c o n s i d e r a t i o n of the oxygen i s o t o p e data i t i s c l e a r t h a t 
t h e v o l c a n i c s were not metamorphosed or a l t e r e d by c i r c u l a t i n g 
m e t e o r i c w a t e r , as a r e , f o r example, b a s a l t s i n the B r i t i s h T e r t i a r y 
18 
P r o v i n c e . R a t h e r , the v o l c a n i c s were e n r i c h e d i n 0 by exchange, 
18 
over t i m e , w i t h a r e s e r v o i r of 0-enriched w a t e r , p r o b a b l y r e s u l t i n g 
f r o m d e h y d r a t i o n metamorphic r e a c t i o n s c o n t i n u i n g a t depth and 
p e r c o l a t i n g s u r f a c e — w a r d s . 
The last event t o have any s i g n i f i c a n t e f f e c t on the patrogenesis 
o f the v o l c a n i c s i s the emplacement of the T e r t i a r y T r a i l , Sheppard 
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and C o r y e l l B a t h o l i t h s . These have l o c a l l y contact-metamorphosed 
t h e v o l c a n i c s . T h i s i s r e p o r t e d i n the Rossland area by Fyles 
( i n p r e p n . ) and i s observed by the development of amphibole 
l o c a l l y , south'Of F r u i t v a l e ( F i g . 6 . 1 ) , near the e a s t e r n margin o f 
th e Sheppard i n t r u s i o n . 
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APPEMDIX 1 
SAF1PLE LOCATIDIMS AND FIELD DATA 
Br i e f d e s c r i p t i o n s of the samples and t h e i r s i x - f i g u r e g r i d 
references are given i n Table A l . l . 
Sample numbers beginning 55 are rocks c o l l e c t e d by Professor 
R. St.D. Lambert; the others by the w r i t e r . A l l g r i d references 
(column 2) f a l l w i t h i n the One-Thousand metre Universal Transverse 
Tlercator Grid zone 11. The 100,000 m,M-square i d e n t i f i c a t i o n i s 
ME (see Fig,1.1). Column three, e n t i t l e d 'Field Occurrence', gives 
a b r i e f d e s c r i p t i o n of the f i e l d r e l a t i o n s . Abbreviations used are; 
AF Archibald Formation 
U-Clastic U o l c a n i c l a s t i c deposit 
X Sample i s a fragment from an 
agglomerate or conglomerate 
HF Hall Formation 
YG Ymir Group 
5KP S i l v e r King Porphyry 
'Hand Spec. Desc' (column 4"', Table A l . l ) gives an i n d i c a t i o n of 






( A ) Amphibolised pyroxene. 
The dip and s t r i k e of the l o c a l i t y , i f any, i s recorded i n column 5 
( c f . F i g , l . l ) . L a s t l y , column 6 gives the p e t r o l o g i c lava-type to 
which c e r t a i n samples belong, as defined i n Chapters 4 and 5, 
AK Ankaramitic Basalt 
B Basalt 
HB Amphibole Basalt 
A Andesite 
HA Amphibole Andesite 
PT Pyroxenite 
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Only the samples thus designated were considered geochemically i n 
Chapter 5 (Sections 5:4, 5:5) regarding the petrogenesis of the 
uolcanics. Associated minor i n t r u s i o n s are also indicated by 
MI, w i t h a p r e f i x fl i f amphibole-bearing. 
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APPENDIX 2 
WHOLE-ROCK CHEPIICAL DATA AND TCTHOD DF ANALYSIS 
A2 ; l X-ray f l u o r e s c e n c e a n a l y s i s 
Samples were fragmented and s t r i p p e d of w e a t h e r i n g ,using 
a C u t r o c k E n g i n e e r i n g h y d r a u l i c s p l i t t e r . F u r t h e r f r a g m e n t a t i o n 
t o an aggregate o f ~ 1 cm, c h i p s was achieued w i t h a S t u r t e v a n t 
2" X 6" R o i i 3aw Crusher. G r i n d i n g of t h i s aggregate t o a f i n e 
powder was accomplished i n a Tema L a b o r a t o r y Disc H i l l w i t h a 
t u n g s t e n - c a r b i d e g r i n d i n g b a r r e l . G r i n d i n g took 1-4 minutes. 
S e v e r a l grams o f powder were then compressed i n t o b r i c q u e t t e s 
2 2 
u s i n g a h y d r a u l i c press o p e r a t e d a t 800-900 Kg/cm (5-6 t o n s / i n c h ) . 
A few drops o f an i n e r t o r g a n i c b i n d i n g agent ( M o w i o l ) was added 
t o t h e powder, p r i o r t o compression, t o a i d c o h e s i o n . 
Major and t r a c e elements were analysed on a P h i l i p s PliJ1212 
a u t o m a t i c s p e c t r o m e t e r , i n t o which the b r i c q u e t t e s were loaded by 
a T o r r e n s I n d u s t r i e s TE108 Automatic Sample Loader. Routine 
o p e r a t i n g c o n d i t i o n s f o r t h i s machine are g i v e n by Reeves ( 1 9 7 1 ) . 
The major and minor elements S i , A l , Fe, Ca, f i g , Na, K, T i 
and P were de t e r m i n e d u s i n g a Cr t a r g e t and an evacuated tube. 
Pin was d e t e r m i n e d s e p a r a t e l y u s i n g W r a d i a t i o n . The a c c u m u l a t i o n 
of c o u n t s f o r the unknowns was based on a ' f i x e d c o u n t ' time f o r a 
m o n i t o r . T h i s m i n i m i z e s machine d r i f t or i n s t a b i l i t y . 
Data h a n d l i n g was performed u s i n g an i t e r a t i v e procedure 
d e s c r i b e d by H o l l a n d & B r i n d l e (1966) and Reeves ( 1 9 7 1 ) . 
Standards used i n the c a l i b r a t i o n were the i n t e r n a t i o n a l standards 
G l , G2, l i J l , T l , S I , GR, GA, AGW-l, GSR-1, BCR-1, PCC-1 and DTS-1 
( f o r c o m p o s i t i o n see Flanagan, 1973), 
3 2 0 
The t r a c e elements Ba, Nb, Z r , Y, Sr, Rb, Zn, Cu, and 
Cr were d e t e r m i n e d u s i n g W r a d i a t i o n . Peaks and backgrounds 
o b t a i n e d f o r s t a n d a r d s and unknowns were c o n v e r t e d t o the 
f u n c t i o n (P/B - 1 ) . This f u n c t i o n , when p l o t t e d a g a i n s t 
s t a n d a r d c o n c e n t r a t i o n s , produces a s t r a i g h t l i n e from which 
unknown c o n c e n t r a t i o n s can be d i r e c t l y o b t a i n e d . T h i s c a l c u l a t i o n 
was performed u s i n g the program TRATIO ( w r i t t e n by R.C.Q. G i l l ) , 
riass a b s o r p t i o n and m a t r i x e f f e c t s are compensated f o r by the 
( P / B - l ) f u n c t i o n u s i n g s c a t t e r e d background r a d i a t i o n as an 
i n t e r n a l s t a n d a r d . TRATIO a l s o a l l o w s c o r r e c t i o n f o r the 
i n t e r f e r e n c e s of SrK^ on ZrKe<f > RbK^ on YK^^, and YK^ on MbK^^ 
u s i n g e x p e r i m e n t a l l y d e t e r m i n e d i n t e r f e r e n c e f a c t o r s . 
The s t a n d a r d s used were s y n t h e t i c , s p i k e d g l a s s e s produced 
by t h e P i l k i n g t o n Research L a b o r a t o r y f o r use i n l u n a r i n v e s t i g a t i o n s 
(Brown e t a l . , 1970). 
Uanadium was de t e r m i n e d d i f f e r e n t l y owing t o t h e very s t r o n g 
i n t e r f e r e n c e of TiK^ on UKoc , The method used was deuised by 
D.D. Hughes, G.C. Brown and 3. Esson (Manchester U n i v e r s i t y ) and 
programmed i n PL! by 3.G. F i t t o n ( E d i n b u r g h U n i v e r s i t y ) . 
Standards used i n t h i s procedure a re s y n t h e t i c a l l y prepared, 
T i - f r e e vanadium s t a n d a r d s , and U-free t i t a n i u m s t a n d a r d s t h a t 
cover t h e range of expected v a l u e s . For the data here, a 1000 ppm 
U s t a n d a r d and two T i s t a n d a r d s , w i t h 2,BA% JiO^ and 0.28% TiO^, 
were p r e p a r e d , t h e m a t r i x b e i n g specpure l\1^0^. Using these 
s t a n d a r d s , the mutual i n t e r f e r e n c e s o f U and T i can be c a l c u l a t e d 
and a p p l i e d t o t h e unknowns i n an i t e r a t i v e manner. I n a d d i t i o n 
t o p r o d u c i n g 1/ c o n c e n t r a t i o n s i n ppm, TiO^ c o n t e n t s a re a l s o 
c a l c u l a t e d . Mass a b s o r p t i o n c o e f f i c i e n t s ( f r o m J e n k i n s & 
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De U r i e s , 1970) were a l s o a p p l i e d t o c o r r e c t f o r d i f f e r e n c e s 
between unknown and s t a n d a r d c o m p o s i t i o n s . Thus, t h e major 
element c o m p o s i t i o n of the sample being analysed should p r e f e r a b l y 
be known f i r s t . 
U sing i n t e r n a t i o n a l s t a n d a r d s and Ti02 c o n t e n t s d e t e r m i n e d 
on , p r e c i s i o n and accuracy can be assessed. Compared w i t h 
TiO^ d e t e r m i n e d on K^ ^ , T i 0 2 on d i f f e r e d by l e s s than Q.015 wt.% 
about t h e average o f the two v a l u e s . U c a l c u l a t e d f o r t h e 
i n t e r n a t i o n a l s t a n d a r d s BCR-1, BR and W-l were always w i t h i n 10 
ppm of t h e t r u e q u a n t i t i e s . 
La and Ce were det e r m i n e d a n a l o g o u s l y t o Ba-Zn, but u s i n g 
L r a d i a t i o n and i n t e r n a t i o n a l s t a n d a r d s . Generally'^ p r e c i s i o n 
i s n o t good owing t o n e a r - d e t e c t i o n l e v e l sample c o n c e n t r a t i o n s 
and o t h e r element i n t e r f e r e n c e s . P r e c i s i o n and accuracy as 
j u d g e d • f r o m r u n n i n g samples s e v e r a l times i s on t h e o r d e r o f 
+ 50%; t h u s the La and Ce data r e p o r t e d can o n l y be t r e a t e d w i t h 
c a u t i o n . 
A l l XRF data are t a b u l a t e d i n Table A2.1, w i t h Fe^O^ 
r e p r e s e n t i n g t o t a l Fe, A l s o , t h e a n a l y s e s , due t o t h e presence 
of secondary H^O, are r e c a l c u l a t e d t o 100% ( a n h y d r o u s ) . 
Table A2.2 c o n t a i n s s e l e c t e d d a t a from Table A 2 , l r e c a s t 
i n t o n o r m a t i v e m i n e r a l s . Fe^O^/FeO was somewhat a r b i t r a r i l y s e t 
a t 0.3, but t h i s i s a s i m i l a r v alue t o those used by A r c u l u s ( 1 9 7 3 ) , 
W i l l s (1974) and Broun e t a l . (1977) f o r g e n e r a l l y s i m i l a r , but 
f r e s h e r r o c k s . 
A2;2 H^ O and FeO d e t e r m i n a t i o n 
T o t a l H2O was d e t e r m i n e d by a g r a v i m e t r i c method s i m i l a r 
t o t h a t d e s c r i b e d by R i l e y ( 1 9 5 7 ) . W a t e r - i s d r i v e n o f f the 
3 2 2 
specimen by h e a t i n g t o 1 1 0 0 - 1 2 0 0 ° C and f l u s h e d by n i t r o g e n 
t h r o u g h an a b s o r p t i o n tube f i l l e d w i t h . Ca C l ^ . The 
tube i s weighed b e f o r e and a f t e r water a b s o r p t i o n . 
FeO was d e t e r m i n e d f o r s e l e c t e d r o c k s u s i n g the Ammonium 
Metauanadate method d e s c r i b e d by Wilson ( 1 9 5 5 ) . 
H2O and FeO d a t a are g i v e n i n Table A 2 . 3 . 
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FeO and H^D u e t c h e m i c a l d e t e r m i n a t i o n s 
l iJeiqht % 
Sample £^2^3 
FeO ( t o -
5001A 1.67 8 .73 3 .65 
5001B 3 .33 . 9 .60 3 .79 
5006 3 .04 10 .64 
5010 3 .56 7 .68 2 .63 
5013 2 .88 6 .80 2 .34 
5016 2 . 0 5 7 .13 2 .73 
5031 1.94 8 .20 1.54 
5033 2 . 0 6 6 .55 2 .82 
5036 3 .08 7 .47 1.88 
5041 3 .58 8 .15 2 .92 
5053 1.69 7 .97 
5054 3 .19 7 .02 1.17 
5055 3 .45 7 .38 2 .93 
5056 2 . 1 3 7 .36 
5062 2 . 3 1 9 .05 
5073B 3 .62 7 .47 1.54 
5074B. 3 .42 8 .46 
5075A 7 .05 8 .38 
5075B 7 .39 8 .23 1.34 
5077 5 .37 6 .85 1.78 
5085E 3 .84 7 .25 
5087B 1.67 9 .88 
5088 2 . 6 4 9 .48 
5089 3 . 0 1 8 .96 
5096 2 . 1 5 7 . 3 1 
5104 2 .39 8 .30 1.54 
5106A 2 . 9 6 5 . 6 1 
5107A 4 . 3 2 9 .57 3 .17 
5107B 4 . 4 7 7 . 1 1 
5111A 4 . 5 9 7 .86 1.02 
5113 3 .15 6 .14 
5115 6 .44 5 .23 
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TABLE A2.3 (Cont'd) 
Sample £^2^3 FeO H^ O (to-
5116 4.89 7.77 1.75 
5119 4.63 5.82 1.70 
5120 6.39 5.22 1.76 
4001 3.68 9.09 
4013 5.35 6.22 
4016 2.22 7.72 2.19 
4023 4.32 5.68 
4042 2.65 7.33 
4051 4.61 5.82 
4056 4.78 4.61 
4062 4.62 6.45 3.19 
4068D 2.94 8.28 
4070 3.15 9.88 
4077 
4090 2.39 8.38 
4110 4.80 8.47 3.76 
5536 3.30 9.64 4.30 
5538A 3.18 8.78 2.63 
Note:-
^^2°3 calc u l a t e d from t o t a l Fe^O^ determined by 
XRF and FeO determined uiet-•chemically. (see t e x t ) . 
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APPENDIX 3 
ELECTRON PROBE rilCRGANALYSIS 
The machine used was Cambridge 'instrument Company 'Geoscan -
Mark I I * operated at an a c c e l e r a t i n g voltage of 15kU and a 
specimen current of 40 nanoamps. The focussed beam diameter 
i s on the order of 2-SyOL 
Samples were prepared as polished t h i n sections and, where 
po s s i b l e , simultaneously carbon-coated w i t h the standards (Table 
A3.1). 
Host analyses were made on a wavelength dispersive system 
(kIDS) using one spectrometer and three analysing c r y s t a l s ; LiF, 
K . A . P . and P.E.T. The general analysing conditions f o r each 
element are shownin. Table A3.1. 
Data handling f o l l o w s the general method described by 
Sweatman & Long (1969), and was performed by an on-line Uarian 
620 L/100 computer. The program TIM 3 ( w r i t t e n by Dr.A. Peckett) 
performs a ZAF (Atomic number, Mass absorption, Fluorescence) 
c o r r e c t i o n on peak and background data f o r standards and sample. 
In general, 4 to 6 ten-second count accumulations are obtained and 
averaged f o r each peak and background p o s i t i o n , f o r each element. 
Detection l i m i t s ( c a l c u l a t e d ) f o r the elements i n Table 
A3.1 are on the order of 200-500 ppm. Overall accuracy f o r the 
major c o n s t i t u e n t s i s estimated to be + 2%, 
A few analyses ( a s t e r i s k e d ) were made wi t h a re c e n t l y 
developed energy dispersive system (EDS) , which uses a S i ( L i ) 
d e t e c t o r . A s i n g l e count-accumulation time of 100 seconds i s 
used f o r each analysis (represents about 300,000 counts). The 
r e s u l t i n g energy spectrum i s processed i n the L/lOO by software 
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TABLE A3.1 
QPTinUR ANALYSING CONDITIONS AND STANDARDS 
USED IN ELECTRON PROBE ANALYSIS 
1 Element Line Analysing Counter Peak * Background •Standard Crys t a l 
11 Na Ko<-^  K.A.P. Flow 53°14' ± 2° Jadeite 
12 Rg 1! ' I I " 43°42' I I WgO 
13 Al I I I I 36°32« I I 
14 Si I I I I " 31°02' -.2° Wollastonite 
19 K P.E.T. " 50°20' K-feldspar 
20 Ca L i F " 113°02' li i o l l a s t o n i t e 
22 T i I I I I " 86°05' TiO^ 
24 Cr I I I I 0 69°16' 
0 
^^2°3 
25 I I I t " 62 48' Rhodonite 
26 Fe I I I I " 57°20« Fe 
28 Ni I I M " 4e°34' Ni 
•*BackgroLinds were i n some cases determined by analysing a material 
w i t h the same auerage atomic number, but free of the element i n 
question. 
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devised by Dr. A, Peckett and an analysis produced i n 5^6 minutes. 
I n cases where elements are low i n abundance ( < 0 . 5 ^ ) these can 
be separately determined by the WDS and included i n the f i n a l 
ZAF c o r r e c t i o n . Precision i n the EDS i s generally less than the 
WDS and t o t a l s are more Variable about 100^ J however, a l l elements 
are s i m i l a r l y a f f e c t e d . 
The mineral analyses made are tabulated below. Table A3.2 
i s a guide to probe analysis numbers and the corresponding sample 
number. For example, BH57xx r e f e r s to a primary amphibole i n 
sample 4057. XX contains e i t h e r one number or one number and one 
l e t t e r , e.g. BH571A. The lA means analysis 1 of 4057 and A the 
f i r s t analysis of a s p e c i f i c c r y s t a l . 
3 5 3 
TABLE A3.2 
GUIDE TO RICRORROBE ANALYSIS NUPIBERS 
Zone A 
Sample No. C£X. Amph. Fel. Sp. Ep. Chi. 
4057 CP57 BH57 SP57 
4077 CP477 
5001B CPIB EPIB 
5010 CPIO BHIO CHIO 
5013 CP13 FL13 SP13 CH13 





5036 CP36 CH36 
5938 CP38 EP38 CH38 
5040 CP40 
5043 CP43 FL43 EP43 
5044 SP44 EP44 CH44 
5054 SP54 EP54 CH54 
5055 SP55 
5056 CP56 BH56 





5107A CP7A BH7A 
5113 CP13 BH13 FL113 5P113 
(*Amphibole and b i o t i t e as primary phases) 
BI33 
PR63 
3 5 / . 
Zone B 
TABLE A3.2 (Cont'd) 
sample No. Cp.x. Amph, B i o t i t e Chi. E£. Fel. Plagnetite 
4007 HB07 9 FL07 
4013A CP3A HB3A EP3A nG3A 
4029A HB29A CH29A FL7A 
4029B HB29B BI29B EP29B FL9B 
4061 HB61 
4105A HB5A BI5A FL5A nCSA 
4111 CPU HBll B U I FLU 
5049 CP49 HB49 FL49 I^ G49 
5074B HB4B BI4B CH4B EP4B FL4B 
5074C HB4C BI4C CH4C FL4C 
5075B CP5B HB5B BI5B CH75B EP5B F1G5B 
5077 CP77 HB77 MG77 
5088 CPBB HB88 BI88 CH88 EP8B 
5111B HBIB BIUB CHUB EPUB 
5116 HB16 FL16 
5516A HB16A BI6A EP6A 
5516B HB16B BI6B EP6B 
5530A HBOA BIOA EPOA 
5536E HB6E CH6E FL6E 
5538B HB8B FLBB 
74B 1 HB74B BI74B nG74B 
( *Biotite and amphibole on secondary phases) 
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APPENDIX 4 
OXYGEN ISOTOPE ANALYSIS 
A4;l Oxygen e x t r a c t i o n 
Separation of minerals was f i r s t c a r r i e d out using 
conventional heauy l i q u i d s and magnetic techniques. I t was 
possible to separate the minerals pyroxene, magnetite, amphibole 
(secondary), feldspar and epidote, from some samples, to the required 
p u r i t y of 9b% or greater. This was tested f o r by X-ray 
d i f f r a c t i o n and o p t i c a l examination. 
Oxygen e x t r a c t i o n from whole-rocks and s i l i c a t e or OKide 
minerals was achieved using the BrF^ method of Clayton & Mayeda 
(I963)ft In t h i s system, about 10-20 milligrams of f i n e l y crushed 
sample are loaded i n Ni r e a c t i o n vessels, and reacted with excess 
BrF^ f o r 12-15 hours a t 500-600°Cft When the r e a c t i o n i s complete, 
oxygen i s reacted w i t h pure carbon t o - form CO^  (Taylor & Epstein, 
1962) and the volume of gas measured by a manometer. In t h i s way, 
the oxygen y i e l d can be ca l c u l a t e d to check f o r any incompleteness 
of r e a c t i o n or leakage. The CO2 gas i s then sealed i n a glass tube 
to await mass spectrometric a n a l y s i s . Carbon dioxide from c a l c i t e 
was l i b e r a t e d by r e a c t i n g a whole-rock a l i q u o t with IOO5? phosphoric 
acid a t 25ft4°C f o r 24 hours (HcCrea, 1950)ft In t h i s method, 
only t w o - t h i r d s of the oxygen bound i n CaCO^ i s released as CO^j 
but knowledge of the i s o t o p i c f r a c t i o n a t i o n f o r the reaction allows 
c o r r e c t i o n f o r the i s o t o p i c s h i f t i n CO2 composition, 
18 16 
A4;2 . 0/ 0 r a t i o determination 
The •'•^0/"'"^0 r a t i o , and-<S''''^ 0 value (Chapter 8 ) , i s obtained 
by analysing the CO^  gas by mass spectrometer. These determinations 
389 
were c a r r i e d out f o r the w r i t e r by Dr. K. (^uehlenbachs, since no mass 
spectrometer was a v a i l a b l e i n 1975 when the w r i t e r v i s i t e d the 
U n i v e r s i t y of Albe r t a . The type of machine used i s a 60° sector, 
dual gas feed and double c o l l e c t i n g mass spectrometer as described 
by PlcKenney et a l . (1950). This allows simultaneous comparison of 
sample and standard (SCIOW) to be made, r e s u l t i n g i n high p r e c i s i o n . 
Since CO^  and not oxygen gas i s measured, corrections are made f o r 
13 
C, as w e l l as mass-44 t a i l e f f e c t s and valve mixing (Craig, 1957). 
The analyses made are tabulated i n Table 8,1. These a l l gave 
q u a n t i t a t i v e oxygen y i e l d s . Accuracy, as determined from analyses 
of standards ( w i t h good oxygen y i e l d s ) , i s estimated to be about 
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Areas where solid geology is 
obscured by drift or alluvium 
SCALE 1-50,000 
FIG. l.l (SHEET 2). G E O L O G Y O F THE ROSSLAND AREA , B G 
(Based on GSC Map 23-1963 and B.C. Dept. of Mines 3. 
Petroleum Resources Prelim. Map no. ^ . ) 
FIG.U (SHEET 1). GEOLOGY OF THE SALMO AREA, 
SOUTHERN BRITISH COLUMBIA. 
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